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1. INTrRODUCTION.

It is now generally known that the youngest stages of
trilobites found as fossils are minute ovate or discoid bodies,
not more than one millimetre in length, in which the head por-
tion greatly predominates. Altogether they present very little
likeness to the adult form, to which, however, they are trace-
able through a longer or shorter series of modifications.

Since Barrande? first demonstrated the metamorphoses of
trilobites, in 1849, similar observations have been made upon
a number of different genera by Ford,22 Walcott,3 3% Mat-
thew,26, 21,28 Salter,®2 Callaway,® and the writer.%% 7 The
general facts in the ontogeny have thus become well estab-
lished and the main features of the larval form are fairly well
understood. ' :

Before the recognition of the progressive transformation
undergone by trilobites in their development, it was the cus-
tom to apply a name to each variation in the number of tho-
racic segments and in other features of the test. The most
notable example of this is seen in the trilobite now commonly
known as Sao hirsut« Barrande. It was shown by Barrande3
that Cordal” had given no less than ten generic and eighteen
specific names to ditferent stages in the growth of this species
alone. '

The changes tuking place in the growth of an individual are
chiefly : the elongation of the body through the gradual addi-
tion of the free thoracic segments; the translation of the eyes,
when present: the modifications in the axis of the glabella;
the growth of the free-cheeks; and the final assumption of the
mature specific characters of pygidium and ornamentation.

In the present paper the larval stages of several species are de-
scribed and illustrated for the first time, and a review is under-
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taken of all the known early larval stages thus far described.
This work would have no special interest in itself were it not
for the fact, that, with our present understanding of trilobite
morphology, it ix possible to reach some conelusions of general
importance, which have a direct bearing on the significance
and interpretation of several of the leading features of the
trilobite carapace, and incidentally upon the structure and re-
lations of the nauplius of the higher ('rustacea.
II. Tar Prorasrers.

Barrande? recognized four orders of development i

trilobites, as follows:

the

TypEs.
Sao hirsuta.

‘Head predominating, incomplete.
I. 4 Thorax nothing or rudimentary.
/ Pygidium nothing.
\ Head distinct, incomplete.
II. { Thorax nothing.
[ Pygidium distinct, incomplete.

!
)
|
)
Head complete. ?
)
!
)

Trinucleus ornatws, and
all Agnostus.

III. § Thorax distinct, incomplete. Arethusina konincki.
2 Pygidium distinct, incomplete.
 Head complete.

IV. 4 Thorax complete.

? Pygidium distinct, incomplete.

Dalmanites hausmannt.

A study of these groups shows at once that they form a
progressive series in which the first alone is primitive. The
others are more advanced stages of development, as shown by
the larger size of the individuals, and their having characters
which appear successively in the ontogeny of a species belong-
ing to the first order of development. To attain the stage
which is represented by actual specimens, they must have
passed through earlier stages, which as yét have not been
found. Furthermore, it is evident that Barrande did not con-
sider the orders after the first as primitive, and characteristic
of the genera cited, for, in some remarks under the third or-
der, he sayst: “Il est trés-vraisemblable, que la plupart des
Trilobites de cette section, si ce n’est tous, devront étre un
jour transférés dans la premiére, par suite de la découverte
probable d’embryons sans segmens thoracique.”

The geological conditions necessary for the fossilization of
the minute larval forms of trilobites are such, that only in
comparatively rare instances are any of the immature stages
preserved. ILarval specimens are doubtless often overlooked
or neglected by collectors, but generally the sediments are too
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coarse for the preservation of these small and delicate organ-
isms. In certain horizons and rocks, however, such remains
are quite abundant, and complete ontological series may be
obtained. Yet, it is not strange that series of equal complete-
ness have not been found in all Paleozoic horizons.

The abbreviated or accelerated development of many of the
higher Crustacea has resulted in pushing the typical free-
swimming, larval nauplius so far forward in the ontogeny
that this stage is either eliminated or passed through while
the animal is still within the egg, so that when hatched it is
much advanced. Although the trilobites show distinct evi-
dence of accelerated development through the earlier inherit-
ance of certain characters which will be taken up later, yet it
is not believed that the normal geries or periods of transfor-
mation were to any degree disturbed, since both the simplest
and most primitive genera whose ontogeny is known and the
most highly specialized forms agree in having a common early
larval type. This would b2 expected from their great antiq-
uity, their comparatively generalized and uniform structure,
and from the fact that no sessile, attached, parasitie, land, or
fresh-water species are known.  These conditions by introdue-
ing new elements into the ontogeny would tend to modify or
abbreviate it in various ways, especially among the higher
genera.

Before discussing any of the various philosophical and the-
oretical problems involved in an attempt to correlate the lar-
al forms of Crustacea, a brief consideration of the known
facts relating to the larva of trilobites will be presented.

Minute spherical or ovoid fossils associated with trilobites
have been described as possible trilobite eggs, by Barrande?
and Walcott,® but nothing is known, of course, of the embry-
onic stages of the animals themselves.  The smallest and most
primitive organisms which have been detected, and traced
by means of series of specimens through successive changes
into adult trilobites, are, as stated above, little discoid or
ovate bodies not more than one millimeter in length, as shown
on plates VIII and IX. It is fair to assume that we have here
a general exhibition of trilobite larval stages, since the ten spe-
cies represented are from various geological horizons, belong-
ing to the Cambrian, Ordovician and Silurian sediments, with
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Devonian types, and showing the simple as well as the highly
specialized forms.

All the facts in the ontogeny of trilobites point to one type
of larval structure.  This ix even more noticeable than among
recent.Crustacea, in which the nauplius is considered as the
characteristie larval form. It isx desirable to give a name to
this early larval type apparently <o characteristic of all trilo-
bites, and among different genera varying only in features of
secondary importance. This stage may therefore be called
the protaspis (p@TOS, primus: aGwls, scutum),

The principal characters of the protaspis are the following:
Dorsal shield minute. varying in observed species from .4 to
L mm. in length: cireular or ovoid in form: axis distinet, more
or less strongly annulated: head portion predominating;
glabella with tive annulations; abdominal portion usually less
than one-third the whole length of the shield, axis with from
one to several annulations; pleural portion smooth or grooved ;
eyes when present anterior, marginal or submarginal; free-
cheeks when present very narrow, marginal.

Several moults took place during this stage before the com-
plete separation of the pygidium or the introduction of tho-
racie segments.  When such moults are recognized, they may
be considered as early, middle and late protaspis stages, and
designated respectively as anaprotaspis, metaprotaspis and
paraprotaspis.  They introduced various changes, such as the
stronger annulation of the axis, the beginning of the free-
cheeks, and the growth of the pygidial portion from the in-
troduetion of new appendages and segments as indicated by
additional grooves on the axis and pleura.  Similar ecdyses
occur during the nauplius stage of many living (‘rustacea be-
fore a decided transformation is brought about. Certain of
these later stages have received a distinctive name, and are
called the metanauplius.

It is believed that the protaspis is homologous with the
nauplius or metanauplius of the higher Crustacea. Most of
the reasons for this beliet will appear later in the present
paper; some which may be stated now are as follows:

(1) The size of the protaspis does not ditfer greatly from
that of many nauplii, and represents as large an animal as
could be hatched from the bodies considered as the eggs of
trilobites.
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(2) Some of the sediments carefully examined by the writer
could preserve smaller larval trilobites were such originally
present and provided with a chitinous test, as shown by the
abundance of minute ostracodes, and the perfection of detail
in these and other fossils.

(3) The protaspis can be shown to be structurally closely
related to the nauplius, and in a more marked degree possesses
some characters required in the theoretical c¢rustacean an-
cestor.

III. ReviEw orF LARVAL StaGEs oF TRILOBITES.

Matthew?". 28 has carefully described several early larval
(protaspis) stages of trilobites from the Cambrian rocks of
New Brunswick, which are very simple and primitive, and will
be noticed first.

Solenopleura robbi Hartt; plate VIII, figure 1; from the
Cambrian of New Brunswick; after Matthew.2” This larva is
very minute and ecircular in outline; the glabella is obscurely
annulated and extends to the anterior margin, where it is ex-
panded ; the neck ring is the only one well defined; the ab-
dominal portion is less than one-third the whole length, and
is limited by a slight transverse furrow; no traces of eyes or
free-cheeks discernible.

Liostracus onangondianus Hartt; plate VIIIL, figure 2; from
the Cambrian of New Brunswick; after Matthew.?”. This
form is similar to the preceding, though larger, and with the
glabella more rapidly expanding in front. The neck segment
is the only one which is distinet.

It should be mentioned that most of the larval specimens
here described and figured are preserved in fine shales and
slates, as casts of the interior of the dorsal shield, so that
some features are not as emphatic as on the exterior of the
test. When well preserved, the axis always shows the typical
five annulations on the cephalon.

Ptychoparia linnarssoni Waleott; plate VIII, figures 3 and
4; from the (‘ambrian of New Brunswick; after Matthew.2
The earliest stage is slightly more elongate than the preced-
ing forms. The axis is narrow, expanding in front and ob-
scurely annulated, five annulations belonging to the cephalon,
and one to the pygidium, which is very short and separated
from the c¢ephalon by a distinet groove.
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The second stage (figure 4) is decidedly more elongate; the
axis ix more distinetly annulated; the occipital pleura defined ;
and the pygidium is larger and has an additional segment.

Ptychoparia kingi Meek; plate VIII, figures 5, 6 and 7;
from the Cambrian of Nevada and Utah. Figure 5 represents
a caxt of the protaspis, and shows a defined occipital ring,
with the axix slightly expanded and undefined in front; py-
gidium truncate behind. Figure 6, which is referred to a
later stage (metaprotaspis) of the same species, shows the in-
ception of several characters that have not as yet appeared in
the previous larvie.  The axis is very strongly annulated ; the
anterior lobe is nearly as long as the four posterior annula-
tions of the c¢ephalon, and on each side there is a furrow rep-
resenting the eye-line of the adult; the free-cheeks are pres-
ent as narrow marginal plates, including the genal spines; the
pygidium shows two segments separated by a furrow.

An adult Ptychoparia king/ is shown in figure 7 and may
be taken as representing the sum of the changes passed
through in the development of larve like the preceding, be-
longing to the genera Solenoplenra, Liostracus and Ptycho-
paria,  The introduction and growth of the segments of the
thorax are perhaps the most marked changes, but other points
of importance to be noted are: the comparatively smaller size
of the cephalon and its transverse form; the limitation and
recession of the glabella, which is now rounded in front, and
only extends about two-thirds the length of the cephalon; the
growth of the eyes and free-cheeks at the expense of the fixed-
cheeks; the increased segmentation of the abdomen, shown in
the axial and pleural grooves on the pygidium.

Sao hirsuta Barrande ; plate VIII, figures 8, 9,10 and 11 ; from
the Cambrian of Bohemia ; after Barrande.? The specimens of
this species are preserved as casts, and séveral of the features
are therefore somewhat subdued. The earliest or anaprotaspis
stage, represented in figure 8, is quite as primitive in most re-
spects as any of the preceding. It is cireular in outline, the
annulations of the axis are distinetly shown only in the neck
segment and pygidial portion, and the eye-line is present. In
figure 9 of the metaprotaspis, quite an advance is seen in the
development of the free-cheeks and the more pronounced an-
nulation of the glabella, together with pleural grooves from
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the neck segment and those of the pygidium. The next stage
(figure 10) probably represents the close of the protaspis stage
(paraprotaspis) and the inception of the nepionic condition,
when the cephalon and pygidium are distinet and before the
development of the free thoracic segments.

In considering the changes necessarily passed through by
these larvee previous to attaining their adult characters (figure
11) the most notable, aside from increase in size and addition
of the sixteen thoracic segments, are: the appearance and
translation of the eyes pari passu with the growth of the free-
cheeks; the growth of the border in front of the glabella,
which now narrows anteriorly, and terminates about one-third
the length of the cephalon within the margin; the less dis-
tinet annulation of the glabella; and the development of the
spines and tubercles ornamenting the test.

Triarthrus becki Green; plate VIII, figures 12, 13, and 14;
from the Ordovician, Utica slate, near Rome, N. Y. A larval
form of this species was figured by the writer® in 1893. At
this time, the eye-line was confused with the anterior annula-
tion of the axis, making the cephalon appear to have six in-
stead of five annulations. A recent examination of a large
number of specimens shows that five is the invariable number,
as here represented. 'T'wo protaspidian stages of this species
have been noticed, ditfering chiefly in the size of the pygidium.
Both agree in showing a strongly annulated axis, not ex-
panded in front and terminating some distance within the
margin. From the first annulation, a slightly elevated ridge
on each side indicates the eye-line, and extends to the mar-
ginal eye-lobe. The adult form (figure 14) shows in addition
to several characters noted in the previous species, the nearly
complete loss of the two anterior annulations of the glabella;
the disappearance of the eye-line: and the development of a
row of nodes along the axis, from the neck segment to the
proximal segment of the pygidium.

Acidaspis tuberculate Conrad : plate IX, figures 1, 2 and 3:
from the Lower Helderberg group, Albany county, New York.t
Several of these remarkable larvie have been found perfectly
silicified in a limestone from which they have been freed by
etching. In general form. they resemble the second larval
stage of Sco (plate VIII tigure 9), but the pygidium is shorter
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and the glabella does not expand and terminate in the ante-
rior margin.  No eye-line is present, but the eye-lobes may be
seen a little within the margin.  The glabella has the charae-
teriztic number of annulations: margin provided with a row
of denticles: genal angles extended into spines: pygidium
with four spines.

The adult condition (figure 3) shows that the eyes have
moved inwards and backwards to near the neck segment. The
glabella has lost its annulations and is broken up into a me-
dian lobe with two smaller ones on cach side, while the neck
ring is projected into a spine. The changes noted here are
much more profound than in any of the preceding genera,
since .leidaspis is one of the most highly specialized of trilo-
bites in its glabellar structure and elaborate ornamentation.
The protaspis, too, partakes of this specialization, and, al-
though the general form of the shield and the annulation of
the axis are as primitive as in Zr/arthrus, yet the character-
istic spinosity of the genus appears even at this early stage
and is a marked instance of acceleration of development.

Arges consanguinens (larke: plate IX, figure 4:; from the
Lower Helderberg group, Albany county, New York. A sin-
gle larval form of this type has been found and at first ‘as
provisionally referred to L2haéthonidest  The recent publica-
tion by Clarke,"* of A rges consanguinens from the same horizon,
and a comparison of the larva with the description and with
considerable additional material, renders it now possible to
determine definitely the relations of this interesting form. As
the main details of structure in _Aeidaspis and A rges are so
similar, the transformations undergone by the larva are much
alike in each case.  The young Arges likewise shows the same
acceleration in the development of the spines and surface or-
namentation, and the retention of the primitive features of
the glabella. The specimen seen in figure 4 represents a late
larval stage (paraprotaspis), as shown by the transverse form
of the cephalon and the large size of the pygidium.

LProétus pareinsculns Hall; plate IX, figures 5, 6 and 7
Utica slate, near Rome, New York. Two larval stages of this
species have been found. The younger (tigure 5) is smooth,
broadly ovate, .72 mm. long, and widest in front: axis dis-
tinctly annulated, e¢ylindrical on the cephalon, tapering on the
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pygidium ; eyes nearly transverse to the axis, very large and
prominent, situated on the anterior margin, separated only by
the axis. The specimen represented in figure 6 is in the para-
protaspis stage, and measures .96 mm. in length. It shows
an advance over the other in its size, its larger pygidium with
grooved pleura, and the beginning of the recession of the eyes.

The adult of this small species is shown in outline enlarged
two diameters, in figure 7. The principal changes from the
larva which should be noticed are: the loss of the four ante-
rior annulations of the glabella, the neck segment being the
only one wholly defined, although the basal lobes represent
remnants of the next anterior; the translation of the eyes
backward as far as the pleura of the neck segment, and the
change from a transverse to a parallel position with respect
to the axis.

In the original description of this species,? no mention was
made of fine undulating strize ornamenting the entire dorsal
surface of the test, nor of the basal lobes of the glabella. Both
these features are present in the type specimen, which is from
Cinecinnati, Ohio, as well as in all the specimens from the
Utica slate, near Rome, New York. With these additional
characters, the species is very closely related to Proétus
decorus Barrande.

Dalinanites socialis Barrande ; plate IX, figures 8-11; from
the Ordovician of Bohemia; after Barrande A nearly com-
plete series of the growth stages of this species is given by
Barrande. The earliest, or anaprotaspis, stage found (tigure
8) exhibits an outline and axis similar to Aeidaspis.  The
eyes are quite large and situated, as in the same stage of
Proétus, transverse to the axis, on the anterior border. Genal
angles present, but in this case not produced by the free-
cheeks axin Svo and Ptychoparia; glabella strongly annulated,
increasing in diameter anteriorly, although not expanding at
the frontal margin as in Svo, ete. In the two following stages
(figures 9, 10), the pygidium increases in size, and the pleura
are defined.  To reach maturity (figure 11), eleven segments
are developed in the thorax, the glabella becomes more promi-
nently developed in front, but the five annulations are main-
tained. The eyes have travelled in and back as far as the
third head segment, and their longer axes have swung around
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into a position parallel with the axial line, as in Proétus.
The pygidium has added many new segments, and the extrem-
ity is prolonged into a spine.

Before proceeding further in the discussion of the protaspis,
it is necessary to notice a number of forms of young trilobites
which have heretofore been referred to the embryonie and lar-
val stages, but which are now believed to belong to stages
later than the protaspis,

g8 @ @

—

N 1 .

\

FIGURE 1. _Agnostus nwdus Beyr. ; after Barrande.

FIGURE 2. Agnostus rex Barr.; after Barrande.

FIGURE 3. Trinucleus ornatus Sternb. ; after Barrande.

FIGURE 4. Hydrocephalus saturnoides Barr. ; after Barrande.

FIGURE 5. Hydrocephalus carens Barr. ; after Barrande.

FIGE)RE 6. Olenellus (Mesonacis) asaphoides Emmons; Ford collection; original.
x 30.

FIGURE 7. Olencllus (Mesonacis) asaphoides Emmons: after Ford.

FIGURE R. Olenellus (Mesonacis) asaphoides Emmons ; after Walcott.

Besides the truly elementary forms deseribed by Barrande
and already noticed (Sao hirsuta and Dalmanites socialis),
there are others which he referred to his gecond, third and
fourth orders of development.3  Among these .l{gnostus may be
taken first.  The youngest forms of Agnostus nudns and 1.
rex (figures 1, 2) measure respectively 2 and 1.3 mm. in length,
and the adults 13 and 15 mm. The earliest stages of the gen-
era shown on plates VIII and IX measure less than 1 mm.,
while the adults are more than 25 mm., with the exception of
Proétus pareiusenlus, which is seldom more than 10 mm. long,
though this species has a protaspis .72 mm. in length. The
c¢ephalon and pygidium of the youngest known .Agnostus are
quite separate and distinet, which is not the case with the
typical protaspis stage. It therefore seems probable that on
account of the comparatively large size and advanced strue-
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ture of the youngest stages observed, the elementary forms of
this genus ave as yvet unknown, and possibly the extreme tenu-
ity of the test in the protaspis has prevented their preserva-
tion. In the same way the young of Twinuclens (figure 3)
show a separate cephalon and pygidium, and the specimens
are in a much more advanced stage of development than the
protaspis of Proitus, shown on plate IX. figure 5. An evi-
dence of age ix furnished, also, in the transverse shape of the
head, which, in typical elementary forms, is longer than wide,
instead of wider than long.

The youngest specimens of .Arethusina konineki, tigured by
Barrande are 2 mm. or upwards in length and have seven or
more free thoracie segments, with the cephalon wider than
long.  The facts of ontogeny show that younger stages must
be admitted in which the number of segments diminishes to
nothing, continuing down to a form agrecing with the pro-
taspis of other genera.

It has already been suggested! that the species deseribed by
Barrande? under the generic name of H ydrocephalus arve prob-
ably the young of Paradorides.  This conelusion receives fur-
ther support from the undoubted young of Olenellus, a related
genus, which in its immature stages bears a strong resem-
blance to Hydrocephalus. The youngest examples of the lat-
ter have a distinet pygidium, a well-developed cephalon, and
large eye-lobes at the sides of the glabella, as in adult forms.
Free-cheeks were evidently present though not generally pre-
served. See figures 4 and 5.

The youngof Olenellus asaphoides, desceribed and illustrated
by Ford?? and Walcott, 3 also present’a number of features
considerably in advance of a typical protaspis. The imma-
ture characters are mainly the large size of the cephalon and
the distinet annulation of the axis. The post-protaspidian
«characters are the distinet and separate pygidium, the adult
position of the eyes, and the apparently well-developed free-
cheeks. In figure 7, after Ford,?> the outer pair of spines he-
longs to the free-cheeks, the other pair being formed by the
pleural extensions of the glabella, which were called the in-
terocular spines. See also figures 6 and 8.

The young specimen of Ptychoparia monile Salter sp., fig-
ured and noticed by Callaway, is 1.5 mm. in length, and
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agrees, as far as can be determined without seeing the origi-
nal, with what ix known of other species of the same genus.
It probably belongs to a stage later than the protaspis.

Matthew? has carefully described some small cephala of
Ctlenocephalus (Hartella) matthewi and Conocoryphe (Baili-
ella) baileyi, from the Cambrian of New Brunswick. The fact
of their being separate cephala, transverse in form, and from
2 to 3 mm. in length, is suflicient to show that they do not
represent the youngest stages of these species.

The immature examples of _{gnostus, Trinvelus, Adrethusinu,
Paradorides, Olenellus, C'tenocephalus and Conocoryphe, here
briefly noticed are of great interest in a study of the ontog-
eny of the various species to which they pertain. In the pres-
ent paper, however, it is intended chiefly to establish the pri-
mary larval characters of the trilobites, and therefore only the
earliest stages are considered. Under the genera just men-
tioned, the writer has endeavored to show that as yet their
ontogeny cannot be traced as far back as the stage which has
been defined as the protaspis.  Therefore, any general notions
of first Jarval forms must at present be based on the genera Sol-
enoplewra, Liostracus, Ptychoparia, Sao, Triarthius, Acidaspis,
Proétus and Dalmanites.

IV. ANALYSIS OF VARIATIONS IN TRILOBITE LARVA.

After taking a general survey of the earliest known larval
stages of trilobites figured on plates VIII, IX, it is evident that
an accurate and detailed deseription of any one would not ap-
ply to any other except in certain broad characters. To formu-
late a definition of the protaspis applicable to all, as has been
done previously (p.169), it is necessary to neglect or eliminate
some rather striking characters which should now be men-
tioned. A few features thus omitted are considered as very
primitive larval characters, while others are modifications in-
troduced in higher or later genera through the operation of
the law of earlier inheritance.

From the best evidence now obtainable, the eyes have mi-
grated from the ventral side, first forward to the margin and
then backward over the cephalon to their adult position,
thus agreeing with Bernard’s conclusions.’? Therefore, the
most primitive larve should present no evidence of eyes
on the doreal shield, and naturally there would be no free-
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cheeks visible.  Just such conditions are satisfied in the
youngest larva of Ptychopario, Solewoplewra and Liostrocns,
which are the most primitive genera whose protaspis is known.
The eye-line is present in the later larval and adolescent stages
of these genera, and persists to the adult condition. In Sao it
has been pushed forward to the earliest protaspis, and is also
found in the two known larval stages of 7viarthrus.  Sao re-
tains the eye-line throughout life, but in 7'»/arthrus the adult
has no traces of it, and none of the higher and later genera
studied has an eye-line at any stage of development. Mat-
thew has considered this feature as especially characteristice
of most of the Cambrian genera, and now it is further shown
to be a character first appearing in the later larval stages of
certain genera (Ptychoparia, ete.), next in the larval stages
(Swo), then disappearing from adult stages (7'ri«rthirus), and
finally pushed out of the ontogeny altogether (Adcidaspis, Dal-
manites, ete.). The eyes are visible on the margin of the dor-
sal shield after the paraprotaspis stage, later than the eye-line
in Ptychoparia, Solenoplenra, Liostracus, Sao and Triarthrus;
but in the other genera through acceleration they are present
im all the protaspis stages, and persist to the mature, or ephe-
bie, condition, moving in from the margin to near the sides of
tne glabella.

The changes in the glabella are equally important and in-
teresting. Throughout the larval stages, the axis of the ceph-
alon is five-segmented or annulated, indicating the presence of
as many paired appendages on the ventral side. In its sim-
plest and most primitive state, it expands in front, joining and
. forming the anterior margin of the head (larval Ptychoparia,
Sao). During later growth it becomes rounded in front and
terminates within the margin. In higher genera through ac-
celeration it is rounded and well-defined in front even in the
earliest larval stages and often ends within the margin (lar-
val Triarthrus, Acidaspis). From these common types of sim-
ple, pentamerous glabellze, all the diverse forms among adult
individuals of various genera have been derived, through
changes affecting any or all of the lobes. The modifications
usually take place in the anterior lobes first, and gradually in-
volve the others, though rarely disturbing the neck segment
which is the most persistent of all. Six lobes are occasion-



= 29

Loveal Stages of Trilobites.— Beecher. 179

ally found in the glabellwe of some species.  They do not indi-
cate an additional pair of limbs, for the extra lobe is produced
() by division of the anterior lobe through the greater or less
extent of the eye-line across the axis, as in Olewellus, Paiudor-
ides and Ogyyio: or (b) by the marked development of mus-
cular fulera, which are supposed to be connected with the
hypostoma.

The next structures not especially noticeable in all stages
of the protaspis are the free-cheeks, which usually manifest
themselves in the meta- or paraprotaspis stages, though some-’
times even later. Since they bear the visual areas of the eyes,
their appearance on the dorsal shield is practically simultan-
eous with these organs; and before the eyes have travelled
over the margin, the free-cheeks must be wholly ventral in posi-
tion. They are very narrow when first discernable (plate VIII,
figures 6, 9 and 10), and in Pytchoparia, Sao, ete., include the
genal angles, but in Dalmanites they extend only a short dis-
tance below the eyes.

The remaining features of the protaspis which here require
notice are the pleural furrows and the pygidium. The pleura
from the anterior segments of the glabella are occasionally
shown as in the young of Olenellus (figure 6), but usually the
pleura of the neck segment are the first and only ones to be
distinguished on the cephalon, the others being so intimately
coalesced as to lose all traces of their individuality. This
makes the cranidium, or head shield, exclusive of the free-
cheeks, consist of the fused lateral extensions or pleura of the
head segments, as already noticed by Bernard.’> The possible
pleural or segmental nature of the free-cheeks will be noticed
later.

The distinct pleura of the pygidium appear soon after the
anaprotaspis stage, and in some genera (Seo, Dalinanites) are
even more marked than in the adult state, much resembling
separate segments. The growth of the pygidium is very con-
siderable through the protaspis stages. At firstit is less than
one-third the length of the dorsal shield, but by the successive
addition of segments, it soon becomes nearly one-half as long.
In some genera it is completed before the appearance of the
free thoracic segments, though usually new segments are add-
ed during the adolescence of the animal.
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A number of genera present adult characters, which agree
closely with some of the larval features noticed in this section,
and are important in a phylogenetic study of the trilobites.
The main features of the cephalon in the =imple protaspis
forms of Solenoplewra, Liostracus and Ptychoparia, are re-
tained to maturity in such genera as Carausio and deonthens,
which have the glabella expanded in front, joining and form-
ing the anterior margin,  They are also without eves or eye-
line.  Ctenocephalus retaing the archaice glabella nearly to ma-
turity, and likewise shows eye-lines and the beginnings of the
free-cheeks (larval Sao).  Conocoryphe and Ptychoparia are
still further advaneced in having the glabella rounded in front,
and terminated within the margin (larva of Triarthrus).
These facts and others of a similar nature show that there are
characters appearing in the adults of later and higher gen-
era, which successively make their appearance in the protaspis
stage, sometimes to the exclusion or modification of structures
present in the most primitive larva.  Thus the larvee of Dal-
manites or Proétus, with their prominent eyes, and glabella
distinetly terminated and rounded in front, have characters
which do not appear in the larval stages of ancient genera,
but which may appear in their adult stages. Evidently such
modifications have been acquired by the action of the law of
earlier inheritance, or tachygenesis. Altogether it seems that
we have represented on plates VIII and IX a progressive series
of first larval stages in exact correlation with adult forms, the
latter also constituting a progressive series, structurally and
geologically.

A summary of the features added to the dorsal shield of the
anaprotaspis stage of acceleration during the evolution of the
¢lass, from the simpler forms of Cambrian times to the later
and more highly differentiated Dalinanites, Proétus and Adeid-
aspis, would include: the free-cheeks; the eyes; the more
strongly lobed glabella, rounded in front: the transient eye-
line; the genal angles; and the ornaments of the test.

These additions, as may be seen by reference to plates VIII
and IX, considerably complicate and modify the primitive
protaspis, but, as previously mentioned, it does not lose any
of its essential structures. Besides, it is possible to trace the
origin and significance of the acquired characters, and thus to
assign to each its true value.
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VoooANTuty or otk TRiLosires,

The superlative ageof the trilobites has been generally ree-
ognized, and ix too well known to require more than a passing
notice.  Even in the earliest Cambrian, they bear evidenee of
great antiquity in theiv diversifiecd form, their larval moditi-
cations, and their polymerous head and caudal <hield, all of
which features show that trilobite phylogeny must reach far
back into pre-Cambrian times,

Not only are the smallest species found in the Cambrian
(-Lynostus) but also many of the lavgest ( Paradosides). There
is a great range of variation in the number of free thoracie
segments, varyving from two in dguostus to twenty in Parador-
/des. The pygidium likewise shows extreme variation of from
two to upwards of ten ankylosed segments, The eves may be ab-
sent asin Jlgwostos and Microdisens, or very large as in Paro-
dosides, though both in this respect and in the number of
somites, free or fused, the Cambrian genera arve excecded in la-
ter (l('l)(v\.“‘it!\‘. In ornamentation and spiniform processes, the
Cambrian species show considerable development though not
as great as others sinee that time,  However, the wide varia-
tions they do present in this particular indicates ditferentia-
tion and specialization considerably removed from the hegin-
ning of the trilobite phylum.

The acquisition of distinet larval stages could only have
been reached through a long series of changes in ancestral
forms.  The composition of the cephalon and caudal shield
indicates a devivation from some primitive form, probably
annelidan, in which, through adaptation to special require-
ments, certain polar segments became fusedy forming very
distinet terminal body regions.  Furthermore, the tribolites
are the only large division of the Arthropoda which has
become extinet.  The Merostomata and Phyllocarida, cul-
minated a little later, though still represented by living
species, but all the other divisions apparently have continued
to inerease since their inception during Paleozoic time. The
only known arthropod contemporaries ot the trilobites in the
Cambrian are the Merostomata, Ostracoda, Phyllopoda, and
Phyllocarida, all of the higher forms apparvently having de-
veloped since that time. A more graphic view of the geolog-
ical range and distribution of the arthropods is represented in
the following table:
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Peripatus

-

Thoracostraca

Merostomata
Muyriapenda

Trilobita
Ostracoda

Phy oy
Phia il

Cenozoie

Mesozoie

Carhoniterons

Devonian

Silurian

Ordovician

Cambrian

Pre-Cambrian

Having thus far reviewed the features of the primitive pro-
taspix and some of the characters it acquired through carlier
inheritanee, together with the comparative age of the differ-
ent groups of arthropods, it must be conceded, that, in inter-
preting crustacean phylogeny from the facts of ontogeny, the
trilobites, =0 far ax they show strueture, are entitled to first
place. Moreover, xinee the appendages are quite fully known
and from them the trilobite proves to bhe a most generalized
and primitive erustacean, still greater reliance can be placed
on deduetions based upon a study of this type.  The recent
discoveries of the antenna and the exact details of trilobite
structure, together with the larval honiologies here made and
the concordance of trilobites with the theoretical original
crustacean leave almost no doubt as to their true crustacean
affinities.  Woodward 37 from another point of view, reaches
the same opinion by =aying: “The trilobita, being certainly
amongst the earliest forms of erustacea with which we are ae-
quainted, cannot be removed from that class without destroy-
ing its ancestral record.”

VI. RESTORATION OF THE Prorasris,

At first thought, the attempt to reconstruet the ventral side
of the trilobite protaspis may seem a little hazardous or pre-
mature, but a careful consideration of all the data leads the
writer to undertake this with some confidence,
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The genus Triarthres is taken for the hasis of this restora-
tion, a= it is to-day the best known of all the trilobites, and
it= ventral structure has been ascertained to a degree of per-
feetion of detail which compares favorably with many of the
recent erustaceans- 5% The writer has studied the struceture
of many adult and immature specimens some of them not more
than 5 mm. in length, <o that fortunately the appendages ave
Known at many stages of growth,  Especially are the yvoung
and rudimentary limbs near the extremity of the pygidium
in adolescent individuals of considerable morphological inter-
et for they agree closely with the phyllopodiform trunk ap-
pendages in the metanauplius of Jfpescand protozoéa of K-
plansio orin a general wayv, with the <till more rudimentary
trunk limbs in the nauplius stages of these and other forms,

It has been definitely aseertained that the eephalon in trilo-

'In lar-

hites bears five pairs of jointed appendages or limbs!
val or immature specinens, and in adultsin which the glabella
retains it primitive structure, this numberis indicated on the
dorsal <hicld by the five lobes or annulations of the glabella,
including the neek ring.  These may therefore be taken as
representing, in <o far, the original segmentation of the head.
and agree with what is generally aceepted as the primitive
structure in modern true Crustacea. The head portion of the
protaspis clearly shows this pentasomitic struceture, and evi-
dently carried a corvesponding number of paived limbs on the
ventral side. It has also been demonstrated that the annula-
tions on the axis of the pygidium correspond to the number
of paired limbs beneath, exclusive, of course, of the anal Segr-
ment.  Here, too, it ix possible to tell from <the pygidial por-
tion of the protaspis the number of limbs present during life,
The protaspis of Tv/iarthrus, represented in plate VIII, figure
13, on this basis had five pairs of limbs attached to the head
portion and two pairs to the pygidium,

Next, ax to the composition and form of these elementary
protaspis limbs, it is safe to assume that the anterior pair,
corresponding to the antennules;, must be uniramous sinece
they are <o during all the young and adult stages observed,
and since this form is common to all nauplius stages of modern
Crustacea, and is recognized as primitive and vlvnu-nrary for
the class. There ix apparently a greater similarity in the
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larval antennules than between any other appendages, and as
Apus and FEuphavsio have these in o very generalized form.
they are taken as types of the first pair of limbs of the trilo-
bite protaspis, ax <hown in plate X, figure 1 (I). It <hould
be noted, too, that the antennules of the trilobites arise from
the sides of the upper lip or hypostoma, as in the nauplius,

The other head appendages arve typically branched. though
in many of the recent Crustacea they lose this character after
the larval stages.  Especially is this true of the third pair of
limbs, which become modified into the mandibles.  In trilo-
bites the primitive biramous structure of the head limbs per-
sists to adult stages occurring also in limbsof all the posterior
segments where Hhey become morve and more phyllopodiform.®
In the restoration of the protaspis it scems only necessary to
append this archaic type of limb to cach segment, agrecing as
it does in form and strueture with the rudimentary limbs of
older stages and with the nauplius and metanauplius stages
of Apus.

It cannot be doubted that the protaspis had five pairs of
limbs on the head portion and one or more on the pygidium,
and although these are the main points necessary to prove the
argument in the next section, on the nauplius, yet it seems
perfectly warrantable and better for graphic purposes to at-
tach the required number of elementary limbs to the ventral
side of the protaspis. as represented in plate X, figure 1.

There are other organs and struetural details occurring in
the nauplius and in adult trilobites, which deserve recogni-
tion in a restoration of the protaspis stage. First among these
ix the labrum, or upper lip.  Nowhere is this plate so well
developed and =o striking a ventral feature ax among the tril-
obites.  There can be no hesitation, therefore, in accepting
this as characteristic of the protaspis.

The trilobites and most recent erustaceans have a metas-
toma, or lower lip.  This is already developed in the nauplius
stage of some Crustacea, as Eoplhausio and Penens, and prob-
ably represents an carly larval chavacter. Tt usually appears
as a median plate divided into two small plates, or lappets, on
each side of the median line, posterior to the mouth, and is
thus represented in the restored protaspis. A< it occurs on a

rment bearing also a pair of legs and has no separate neu-

romere, it cannot well be considered as representing a =omite.
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An anal opening s found in most nauplii. especeially in
those of the non-parasitic Crustacea, and in those in which
thix stage i normal and freceswimming.  The protaspis, as
representing a frecoswimming larval stage of trilobites, there-
fore. probably possessed an anal opening.

The only character represented in the restoration which is
acceepted purely from analogy is the median anpaired eye,
Thisx organ ix almost universally present in the nauplius, and
i regarded ax o very primitive character wherever found.

The next and last struetures to be noticed are the free-
cheeks and the beginnings of the paired evescas shown in
plate X. figure 1 (g, oc). Their existence has already been
indicated in the deseriptions and observations of the protaspis
and itz derived characters and need not be repeated here. Ap-
parently  the nauplivs presents nothing homologous, unless
possibly the frontal sensory organs ot A pus, Boaluwns, Pewens,
ete may be taken as sueh. The paired eves and frontal =en-

gether and seem to have <ome intimate

Sorv organs are close to
connection, for, ax the paived eves develop, the latter dwindle
and disappear. Likewise in the trilobites the free-cheeks bear
the visual areas, and may be almost wholly converted into
Cyes as in CEglina (Cyelopyge).

The greater or less separation of the cerebral ganglia in the
chactopods and in come of the Tower erustacea leads to the
idea that the free-cheeks in trilobites are the pleura of an oce-
culiferous head segment. which otherwise is lost. If the hy-
postoma is homologous with the annelid prostomium, ax urged
by Bernard! then the free-cheeks may be considered as rep-
resenting the second procephalic segment, which is the num-
ber required on the supposition that cach neuromere corres-
ponds to o somite,  There is a separate neuromere to ecach
mesodermic metamere posterior to the head, and from analogy
we should expect that cach neuromere in the head would
represent an original segment, expecially as it can be demon-
strated that the head is composed of consolidated or fused
segments (Kingsley?t),

Having thus shown the probable ventral structure of the
protaspis; we are prepared to make some general observations
on the larval type of modern Crustacea known as the Nawplins,
Before doing this it is well to emphasize again that there is
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very positive evidence, amounting virtually to certainty, that
the protaspis had five pairs of limbs attached to the cephalic
portion, behind which was an abdominal portion containing
the formative elements out of which all the posterior somites
and appendages were developed.

VII. The Crestaceax Navrenivs,

The name Nauplins was tirst used by O, F. Miller® to desig-
nate a minute erustacean believed to represent an adult animal.
Afterwards it was found to be a larval stage of Cyelops, but
bhecause it agreed in structure with the larvae of many other
Crustacea the name was retained for that type of larval form
and ix now in general use. Primarily it is supposed to repre-
sent the first free-swimming stage after the escape of the ani-
mal from the ege. However, many species are quite fully devel-
oped when leaving the egg. and undergo comparatively slight
subsequent metan orphoses, and in these and other species
there may be developed in the egg an embryo having some of
the charvacters of the nauplius. Therefore, the term is also
applied to all caxes where a certain assemblage of nauplian
characters occurs in the development of any erustacean. Thus
it may be considered ax a stage of development not restrieted
to a detinite period of ontogeny.

The adult Apus possesses o many nauplian Features, and in
its development passes through such simple metamorphoses,
that it has been aptly congidered by Bernard! as o nauplius
grown to maturity.  Balfour! also states that the chiel point of
interest in the development of (Apus=is the fact of the primi-
tive Nauplius form hecoming gradually converted without any
special metamorphoses into the adult condition.™  This form,
together with the nauplii of other crustaceans and the study of
the larval and adult ehavacters of the trilobites, ought to af-
ford definite knowledge of the eharvacters possessed by the an-
cestral forms of the Crusateca.

Before farther examining the nauplius it may be well to state
the characters, which, on the grounds of comparative anatomy
and phylogeny.are believed to represent the primitive adult

erustacean. It will he seen thatiin many vespeets the trilobite

*The adult JApus properly has five pairs of cephalic limbs. .\ sixth
pair of appendages has been correlated as maxillipedes, though from
their innervation they seem to be metastomic and homologous with the

chilarvia of Lincinlns,
—
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recalls this typecbut as already sugeested. is removed some
distanee from the prototypecalthough in itself a most primi-
tive erustacean.  Lang® gives o very  comprehensive  de-
serviption of the racial formas tollows: = The original Crustace-
an was an o elongated animal, consisting of numerous and
tolerably homonomous segment=. The head segment was fused
with the 4 subsequent trunk segments to form a cephalie re-
gion, and carried o median frontal eve,a pair of <imple ante-
rior antennie, a sceond pair o of biramose antenne and 3 pairs
of biramose oval limbs, which already served tosomeextent for
taking food.  From the posterior cephalie region proceeded an
integumental fold which, as dorsal <hicld. covered a larger
or smaller portion of the trunk. The trunk segments were
cach provided with one pair of biramose limbs.  Besides the
median eyve there were 2 frontal sensory organs.  The nervous
svstem consisted of braing wsophagael commissures and &eg-
mental ventral chord. with a doublo ganglion for each segment
and pairof Timbs. The heart was a long contractile dorsal
vessel with numerous pairs of ostia <cgmentally arvranged.  In
the racial form the sexes were separate, the male with a pair
of testes, the female with a paiv of ovaries, both with paired
duets emerging externally at the basesof a pairvof trunk lmbs,
The excretory funetion was carvied on by at least 2 pairs of
glands, the anterior pair (antennal glands) emerging at the
base of the second pair of antennae, the posterior (<hell glands)
at the base of the second pair of maxillie. The mid-gut possi-
bly had segmentally arranged diverticula (hepatie invagina-
tions).” 3

The characters aseribed to the typical nauplins have been
selected mainly on the principle of general average.  They do
not satisty the theoretical demands resulting from a compara-
tive morphological study nor ave they consistent with the ae-
cepted requirements of an ancestral type of the Crustacea,
Claus!® urges that the nauplius is o moditied or secondary lar-
val form, and the writer now hopes to farther substantiate this
view, and partly to reconstruct the nauplius from internal evi-
dence and from its more primitive representative, the protas-
pis of the trilobites.

The usual fetaures attributed to the nauplius are: three

pairs of appendages, afterwards forming two pairs of antennwe
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and the mandibles: the first pairis uniramous and sensoyv in
funetion; the second and third pairs are hiramous, swimming
appendages: body usually ynsegmented : anteriorly there is a
single median eve,and a large Tabrum, or upper lip: an ali-
‘mentray eanal bent anteriorly, and ending in an anus near the
posterior end of the body : o dorsal shield: the second pair of
antennae are innervated from  a sub-esophageal ganglion.
Frontal sense organs and a rudimentary  metastomn are some-
times present. The trunk and abdominal regions are not gen-
crally ditferentiated.

Balfour! remarks of the nauplius that: =In most instances
it does not exraetly conform to the above tyvpe, and the diver-
genees are moregonsiderable in the Phyllopods than in most
other groups.”  This variation is indeed quite marked among
nearly all the groups besides the phyllopods and furnishes the
facts for the conelusion, that the hexapodous condition isnot
primitive,

On plate X arve represented some of the leading types of
nauplius structure, taken chietly from the excellent compila-
tion by Faxon.2! Bearing in mind the typical and average
characters of this larva, some of the variations will be briefly
reviewed.,

The nauplinus of  Apus. vepresented in plate X, figure 2.
shows the radiments of five trunk segments. which in a later
stage (figure 3) develop phyllopodiform appendages belonging
to sixth. seventh, and eighth pairs of limbs.  They are the an-
terior trunk appendages and appear at a time when the fourth
cephalie pair ix a mere rudiment while the fifth is entirvely un-
developed. The fourth and tifth pairs of head appendages evi-
dently must have some existenee, though undeveloped in the
nauplius. The physical conditions of naupliuslife probably do
not require them, and they therefore remain for a time quies-
cent or undeveloped.

In Iig'lll'(‘h' 4.5, 8, and 6, I'('S]n-('li\'(‘l.\'_ of /f;'tl//r'//f[n/.\-_ Artemia,
Leptodora,and Linpaida, the first paiv of appendages hecomes
progressively shortened.untillin the lastothey almost disap-
pear. Leptodora (figure 8) and Lepidurus (figure 7) also have
rudimentary trunk segments and appendages (7). Figures 9 and
Lo.of Daphondio and Modpa (From summer eges ). <how how rudi-

mentary the nauplivs appendages may become when this stage
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i< paszed within the egee Even o move marked reduetion is ex-
hibited in the embryos of Palawon and Asfacas (figures 25 and
26).  Cyelops iz a very normal form, though even here in a see-
ond nauplius stage (figure 12), a fourth pair of limbs is devel-
Ul)(‘(l.

Examples have heen eited showing the reduction and obso-
lesceenee of the anterior antenme, or fivst pair of nauplius limbs,
and some cases will now be eited in which the third pair also
hecomes reduced and radimentary.  lehtheres (figure 14) and
Mysis (figure 22) afford instances of this variation.  The for-
mer i= of additional interest. ax showing that the appendages
from the fourth to the cighthomay be developed, while the third
remains quiescent, and that the second pairvctypically biramous,
ix heve unbranched.  Similarvlyoin Mysis. Nebalio (figure 19),
and espeeially in Cypers (figure I8) the nauplius limbs are
simple. The embryo of Loeifer (figuve 24 ) and a late nauplius
stage of Foplhousio (figure 21) are also of moment, in showing
the beginnings of the metastoma (w/) with the two maxille
and first maxillipedes,

It appears from the foregoing facts, that enough has been
shown to prove the marked variations in the number and state
of development of the nauplins appendages, and to reach the
conelusion, that potentially tive pairs of cephalie appendages
are present. The two posterior pairs are the ones usually not
developed until after some of the trunk limbs appear.  Very
satisfactory explanations have been offered as to why the first
three paivs have been selected by the larva, although it does not
seem to have been recognized that the fourth and fifth have
been more or less suppressed during the evolution of the class,
Lang® aceonuts for the three paivs of nauplian limbs by say-
ing that: =~In a voung larva which, like the Nawplins, is
hatehed early from the egg, only a few of the organs most nee-
essary for independent life and independent acquisition of food
can be developed. The 3 most anterior pairs of limbs. which
serve for swimming may be deseribed as sueh most necessary
organs.  The third pair perhaps belongs to this category, be-
cause ax mouth parts, generally provided with masticitory pro-
cesses, they serve not only witn the others for locomotion, but
also for condueting food to the oral aperture.”

Another point in favor of the original pentamerous composi-
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tion of the cephalic portion of the nauplius or protonauplius
the dorsal <hield which is presentin many forms and isconsid-
ered (eide Bernard!™) as a dorsal fold of the ifth s<egment. So
that in reviewing the nauplius strucetures, we tind here and
there evidenees of the entire series of head segments,

Now. sinee the protaspis fultils the rquirements by having
live well-developed cephalic segments, and is besides the oldest,
crustacean larva known it is helieved that,in so faroat least, it
represents the primitive ancestral lavval form for the class,

The nauplius, therefore,is to e considered asa derived larva
moditied by adaptation.

Other variations in the characters of the nauplius occeur, but
as they have elearly originated («) from the parasitic habits of
the adult, (4) from embryonic conditions, or () from carlier
inheritance, they need not enter into consideration here. Such,
for example, are (¢) the absenee of an intestine in Soecilina,
(5) the absence of the median eyve in Daphpia and Moina, and
() the bivalve shell in Cypris. The larval stages of other, and
especially later and higher groups of arthropods, offer more
considerable ditferences and need not enter into this disceus-
sion, which is aimed chiefly to establish the genetie relationship
bhetween the protaspis of trilobites and the nauplius of re-
cent Crustacea,

VIIL.  Svamagy.

Barrande first demonstrated the metamorphoses of trilobites
in 1849, and recognized four orvders of development, which
are now shown to be stages of growth of a single lavval form.

A common carly lavval form is recognized and called the

protaspis,

The protaspis has a dorsal shield, a cephalic portion com-
posed of five fused segments and a pygidial portion consist-
ing of the anal segment with one or more fused segments.

The simplest protaspis stage is found in the Cambrian gen-
era of trilobites. During later geological time it acquired
additional characters by earlier inheritanee and became mod-
itied, though retaining its pentamerous glabella and small ab-
dominal portion.

Some of these acquired characters of the dorsal shieid are
the free-checks, the eyes, the eyve-line, the genal angles and
the ornaments of the test. The frec-checks and eyes moved

to the dorsum from the ventrum.
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The hixtory of the acquired eharacters is traced by means
of comparizons between lavval and adult trilobites, through
pudeozoie time, and a progressive series of larval forms estab-
lished in exact correlation with adult forms, which them-
selves constitute a progressive series. chronologically and
=tructurally. ‘

The antiquity of trilobites is indicated by theiv remains in
the oldest Paleozoie roeks, and expeeially by the fact that in
the carly Cambrian they are already much specialized and dif-
ferentiated in number of genera.  The age of the trilobite or
crustacean phylum is further shown from the distinet larval
stages of trilobites and theiv having a head and pygidium of
consolidated =egments.

Since the trilobites are among the oldest and most general-
ized of Crustacea, their ontogeny is of considerable import-
ance in interpreting erustacean phylogeny.

The protaspis in its segmentation shows that the cephalon
had five pairs of appendages as in the adult.

The erustacean nauplius is shown to be homologous with
the protaspis and to have potentially tive cephalie segments
bearing appendages, which should therefore be taken as c¢har-
acteristic of a protonauplius.

The nauplius is a modified erustacean larva. The protaspis
more nearly represents the primitive ancestral larval form for
the elass, and approximates the protonauplius.
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X. Exrvaxarion or Prares.
PLATE VUL

Fieere 1. Solewoplenra robbi Hartt @ after Matthew.  Anaprotaspis
stage: showing obscurely annulated axis.  x30. St. John group, Cam-
brian. New Brunswick.

Fravrw 2. Liostracus owangondionns Hartt: after Matthew.,  Ana
protaspis stage : the neck lobe is the only one distinetly marked.  x23,
Cambrian, New Brunswick.

Firaere 3. Ltychoparia livnarssoni Walcott @ after Matthew.,  Ana-
protaspis stage : axis slender, slightly annulated : pygidium defined by
transverse furrow. x30.  Cambrian. New Brunswick.

Fravwe 4. Plychoparia innarsson? Walcott o after Matthew.,  Pro
taspis representing a later moult than the preceding, and showing
stronger annulations on the axis, with an additional one on the pygidi
um.  x25.  Cambrian, New Brunswick.

Fraere b, Ptychoparia Fingi Meek.  Anaprotaspis orv ecarly stage;
showing obscurely defined characters, partly due to the fact that the
specimen is a cast.  x45.  Cambrian, Nevada.

Frouere 6. Ptychoparia kingi Meek. .\ later stage (metaprotaspis,)
showing the strongly annulated axis, the eye-line, the free-cheeks in
cluding the genal angles. and two segments on the pyeidium.  x45.
Ctambrian, Nevada. ‘

Freuere 7. Ptychoparia kingi Meek @ after Walcott.  An adult spec
imen. This and the other figures of adult individuals are represented
in outline, with the free-checks shaded. to bring out more strongly the
changes in the structure of the cephalon. xt,. Cambrian, Utah.

Fievre 8. Sco hirsute Barrande: after Barrande. Anaprotaspis
stage : showing obscurely the limits of the pygidium. the eye-line, and
the nearly eylindrical glabellar axis, expanding on the frontal margin.
This and the two following specimens are preserved as casts. x30, Cam-
brian. Bohemia.
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Frovee 9 Sao biiesola Barrande : after Barrande, A later moult.
probably near the end of the metaprotaspis stage @ showing the annu
fated axis expanded in front @ free cheeks narrow and marginal @ pygidi
win of four segments, with pleawra distinetly marked and grooved.,  x30.
Cimbrian. Bohemia.

Iicere 100 Sao Liirsuta Baveande s after Barrande. A more ad
vitneed stage at or after the close of the paraprotaspis. in which the
pyeidinm ix completes hut hefore the first free thoracie segment is de
veloped.  x30. 0 Cambrian. Bohemia,

Iraere 11 Sao loiesota Barrande, An adult individual combining
the characters as shown in several of Barrande™s figures of this species,
Nl Cambrian, Bohemia,

Frovwe 120 Triartherns beeled Green. Anaprotaspis: showing the
annulated axis. terminating hefore reaching the anterior margin: the
eye lines extending from the first segment to the marginal eye lobes:
pygidium defined by a slight groove, and including two segments of the
axis. x40, Ordovician, Utica Slate. near Rome, New York.

Fravwe 13, Tricethrns beelei Green, Protaspis at a later moult :
showing slight increase in size and the addition of & segment to the
pyeidinm,  x45. Utica Slate near Rome. New York.

Frovwe W Teicethras beekd Green.  An adult individual of this
species, xbyo o Utiea Slate. New York.

PLATE IX.

Firovre 1o Aeidaspis tuberentata Conrad. Anaprotaspis: showing
denticulate margin and spines on cephalon @ axis strongly annulated :
eves submarginal, x20. Lower Helderberg, Albany (fo.. New York.

[ISTHENY The same: profile, slightly oblique.  x20.

Fravwe 3. Jteidaspis tuberenlala Conrad,  An adult individual, ve
stored from fragments and an entire enrolled specimen.  Natural size.
Lower Helderberg, Albany Clo.. New York.

Fiaene 4. Adrges cousangninens Clarke.  Dorsal view of a larva at

or after the close of the paraprotaspis stage: showing the form and or
namentation.  x20.  Lower Helderberg, Albany (fo., New York.

Fiauere
strongly annulated axis. with grove at cach side: large prominent an
terior eyes: pygidial pleura indicated by faint grooves. x45. Ordovician.
Ctica Slate. near Rome. New York.

Firoere 6. Proétus pareinsenlns Hallo o A later moult. near the close
of the paraprotaspis stage: showing the larger pygidium which. how
ever. is still incomplete. and the slight backward movement of the eyes.
The right side of the specimen is restored.  x45.  Ordovician, Utica
Slate. near Rome. New York.

Firevwve 7. Proétus pareinsenlns Hall,  An adult individual,  x2
Ordovician, Utica Slate. near Rome. New York.

Fravre 8. Dalmanites socialis Barrande @ after Barrande.  Anapro
taspis stage : showing the large strongly annulated axis: the prominent

Proétus  pareinsenlns Hall.  Anaprotaspis: showing

anterior marginal eyves: mucronate genal angles: pygidium of three seg
ments.  x30.
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Fravwe O Dalmanites socialis Barrande o after Barrande.  Meta
protaspis stage s showing the stronger definition of the pleura of the
pyaidium.  x30. Ordovician, Bohemia,

Fravre 100 Dalmawites socialis Barrande : after Barrande,  The
specimen probably represents the close of the paraprotaspis stage, and
shows four segments in the pyeidivm and the first evidenee of the
hackward movement of the eves. which now indent the margin,  x30,
Ordovician, Bohemia.

Frovwe 11, Dalmanites sociolis Barrande @ after Barrande,  Outline
of an adult individual.  xte. Ordovieian, Bohemia,

PLATE X,

The Roman numerals indicate the appendages in their consecutive
arder.

L. 1st pair of appendages, or antennules,

[1. 2d pair of appendages, or antennae,

L1, 3A pair of appendages, or mandibles,

IV. V. etew maxillie, maxillipeds, swimming feet. ote.

Ocl. unpaired eye : oe, paired eyes: b, labrum.

Fraere 1. Triarthirns beeled. X vestoration of the ventral side of the
protaspis stage in accordance with the best evidence at present attain-
able. as explained in the text.  The VIth and the VIIth pairs of ap-
pendages belong to the abdomen, which is marked off by a transverse
line: mt, metastoma : . free-cheeks.

Fiavre 20 Apus caneriformis @ after Clans (from Faxon).  Phyllo-
poda. Nauplius larva, just hatched : ventral side.  Behind the mandi
bles (LIT) are indications of five thoracie somites, y.

Fiaere 3. Apus caneriformis : after Claus (from Faxon). Phyllo-
podea. Second larval stage (metanauplius): ventral side. The second max-
illa. V, is wanting : /. frontal sense organs.,

Fravwe 4. Branclipus stagualis @ after (Maus (from Packard).
Pliygllopoda.  Nauplius stage.

Ficure b, Artemia gracilis: after Packard. Phyllopoda.  Nauplius
stage: showing ohscure segmentation.

Ficure 6. Limuaida hermanni: after Leveboullet (from Packard).
Phyllopoda.  Nauplius: dorsal side ; first pair of appendages obsoles-
cent : labrum, /b, greatly developed.

Ficere 7. Lepidirws  productus:  after Brauer (from Bernard).
Phyllopoda.  Nauplius with obscure segmentation of the trunk, y.

Fravre 8. Leptodara hyalinag @ after Sars (from Balfour and Bronn).
Pliyllopoda. Cladoeera. Nauplius larva from winter egg: y, rudimen-
tary feet.

Firaere 9. Daphia longispina: after Dohen (from Claus).  Phylilo-
poda, Cladocera. Nauplius stage of embryo, with rudimentary append-
ages.

FiGure 10 Moinw rectirostris: after Grobben (from Faxon). Phyllo-
poda, Cladocera.  Embryo from the summer egg in the nauplius
stage. developed in the brood-cavity of the parent: appendages rudi-
mentary.
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Fieuerr 1L Cyelops tennicornis : after Claus (from Balfour).  Cope
poda, Natautia. Nauplius, first stage. This and the next are the origi-
nal forms described as Nauplins, by O. F. Miiller, and believed at that
time to be adult.

Fraure 12, Cyclops tewnicornis : after Claus (from Balfour),  Cope-
poda, Natantia.  Nauplius, second stage : IV, maxillia.

Fiaure 13, Cetochilus septentrionalis: after Grobben (from Faxon).
Copepoda, Natanlia.  Nauplius, just hatched : ventral view.

Fraure 4. Achtheres percaram : after Claus (from Faxon).  Cope
poda, Parasitica. Larva at the time it leaves the egg, with only two an
terior unbranched pairs of appendages of the typical nauplins present.
Under the skin are the rudiments of six pairs of appendages: ITI. man
dibles ; IV, maxillas : V. VI, maxillze : VII, VITI, swimming feet,

Firaure 16, Balians balanoides : after Hoek (from Faxon).  (rei-
pedia.  Nauplius, A

Fraure 16, Lerwedisens poreellance : after K. Midler (from Faxon).
Cirvipedia, Rlizocephala.  Nauplius, ventral side : showing outline of
dorsal shield.

Fioure 17.  Succulina purpurea: after K. Miiller (from Huxley and
Balfour). Cirripedia, Rlizocephala.

Ficure 18.  Cypris orum: after Claus (from Faxon).  Ostracoda.
First larval (nauplius) stage, with bivalve shell and unbranched second
and third pairs of appendages.

Ficure 19.  Nebalia geoffroyi: after  Metschnikoff  (from Faxon).
Leptostraca.  Side view of the so-called nauplius stage of the embryo
within the egg. Rudiments are present of the two pairs of antennae, 1,
11, the mandibles, T11.

Ficure 20.  Euphausia: after Metschnikotf (from Faxon).  Selizo-
poda. Nauplius, just hatched.

Fieure 21, Euphausia: after Metschnikotf (from Faxon). Sehizo-
poda.  Nauplius at a later stage : ventral view : mf, metastoma : IV, V,
maxillee : VI, maxilliped. In the next, or Protozoén. stage, the append-
ages, IV, V. V1, are true phyllopodiform feet.

FiGcureg 22.  Mysis ferrugivea: after Van Beneden ( from Faxon).
Seliizopoda.  Nauplius-like embryo: side view. The appendages are
unsegmented. and the third pair quite rudimentary. A number of later
metamorphoses are undergone in the nauplius skin. until the full num-
ber of appendages is developed.

FicUre 28, Penens: after F. Miiller (from Faxon).  Decapoda, Mac-
rowra.  Nauplius: from dorsal side.

Ficure 24. Lucifer: after Brooks (from Faxon). Decapoda, Macronra.
Ventral view of embryo artificially removed from the egg: IV, V, VI,
buds representing the two pairs of maxillae and first pair of maxillipeds
of the adult.

FiGure 25, Palaemon : after Bobretzky (from Faxonr.  Decapoda,
Macroura. Nauplius stage of embryo within the egg.

Freure 26, Astacus fluviatilis: after Reichenbach from Faxon).
Decapoda, Macronre. Nauplius stage of embryo.
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Frovwe 27, Linculus polyphenns : after Kingsley. Xiplosura. Ven
tral view of embryo: showing the budding of the legs.

Ficuere 28, Limulus polyphemns: after Packard (from Balfour).
Xiphosura. Ventral view of embryoin the egg: showing the rudiments
of six pairs of legs: . mouth.

Fiaene 200 Linvilus polyphemus: after Packard (from Balfour).
Xiphosira. Oblique side view of embryo, with the mouth and rudimen
tary limbs on the ventral plate.

The figures of embryonic Limnlus arve introduced for comparison.
They are so ditferent from the nauplius that detailed notice seems un

NECessary.



