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ABSTRACT

Two TRILOBITE SPECIES, Phacops rana (Green, 1832)
and Phacops iowensis Delo, 1935, from the Middle
Devonian of North America, are analyzed in detail
from the point of view of geographic and stratigrap}}ic
variation. A purely morphological, as opposed to _b:o-
stratigraphic, approach is used in analyzing relation-
ships among subtaxa of the two species. Subsequent
comparison of the relative sequence of inferred
evolutionary events with documented biostratigraphic
distributions allows an analysis of trends (biostrati-
graphic character gradients), character displacement
between the two species, and mode of origin of the
subtaxa.

The schizochroal eye of these species is the most
important anatomical complex in terms of both
intrapopulational and interpopulational variation
and species discrimination. Lens number per eye
may be broken down into number of dorsoventral
files (vertical columns of lenses) and number of
lenses per dorsoventral file. The adult population
number of dorsoventral files per eye in Phacops is
reached early in ontogeny and is stabilized; the
number of dorsoventral files is the most consistently
reliable criterion for discrimination of the two species.

Throughout its history, P. fowensis had 13 dorso-
ventral files in normal adults. This species belongs to a
native North American phacopid lineage that can
be traced back at least as far as the Gedinnian
(“Phacops’ logani Hall).

Phacops rana, morphologically closest to P. schioth-
eimi (Bronn) from Europe and elsewhere, has from
15 to 18 dorsoventral files. Most of the history of
species involved the reduction from 18 to 15 files H
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the reduction is an allopatric phenomenon, involving
transitional populations acquiring a reduced number
of dorsoventral files on the eastern margin of the
craton (exogeosyncline), which subsequently invade
the cratonal interior. Other evolutionary changes
in the P. ranalineage appear to be phyletic trends.

The two species are nearly mutually exclusive,
though coeval and their geographic ranges overlap
considerably. Although P. iowensis occurs from Iowa
to New York, it was confined to the Michigan Basin
for the larger part of its history. Phacops rana is found
from New York south to Virginia and west as far as
Iowa. Phacops iowensis was by far the more stable
through time; it is invariably rare, and generally
confined to purer limestones. The one case of sympatry
between rana and iowensis occurs in the Hungry
Hollow Formation of Ontario, resulting in mor-
phological changes in the two species which are best
explained as character displacement. The P. rana
lineage as a whole converged on iowensis in number
of dorsoventral files and in many ornamental features;
the convergence was closest in the Taghanic.

The distributions of, and interactions between,
Phacops rana and Phacops iowensis are best explained
if the two taxa are considered true ““bio-species.”
Although the little change that occurred within the
iowensis lineage seems to have been phyletic in nature,
the allopatric model is necessary to account for the
more important evolutionary changes in P. rana.

Five subspecies of Phacops rana, including P. rana
paucituberculata, new subspecies, and three subspecies
of P. iowensis, are recognized.






INTRODUCTION

INVESTIGATIONS of evolutionary phenomena on
the species level are again coming into vogue in
paleontology. This renewed interest stems pre-
dominantly from the emphasis on populations
in the “New Systematics,” the realization that
large samples of fossils, particularly of marine
invertebrates, spanning broad geographic areas
and thick stratigraphic sequences are available,
and the relatively recent appearance of sophisti-
cated multivariate statistical routines per-
formed on computers. The present study gives
the results of a detailed consideration of the
variation and evolution within two coeval species
of trilobites whose geographic ranges overlap.
Taken together with other similar studies that
have appeared recently, it is hoped that the
feasibility of studying micro-evolutionary phe-
nomena in the fossil record may be demon-
strated.

Quantitative techniques, especially various
forms of factor analysis, are used extensively in
parts of the present report. By now these tech-
niques are conventional and need no further
discussion, although the basic elements of the
multivariate models actually used are explained
in the text. The study does stray a bit from con-
vention in that a biostratigraphic approach for
phylogenetic reconstruction is abandoned in
favor of an analysis of relationships based
strictly on morphological features determined
to be ‘““primitive” or “advanced.” A purely
“cladistic® approach to the systematics of fossil
taxa need not debar application of evolutionary
models to the explanation of phylogenetic
patterns in the fossil record. This point of view is
elaborated on in the text. A detailed application
of the allopatric model to certain elements of the

data presented here is contained in Eldredge
(1971).
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MIDDLE DEVONIAN STRATIGRAPHY

Tue MmpLE DEVONIAN of eastern and central
North America provides an exc.ellent. source of
material for studies of geographic variation and
evolution. The rocks are well known apd corre-
lations are reasonably secure. Tht_:re Is a wide
range in types of sediments deposited synchro-
nously in different regions,. and a great deal .of
time (some eight to 10 million years) was avail-
able for evolutionary change. An added advan-
tage to the present study is that {-"hacops has
rarely been utilized for biostratigraphlc purposes,
removing any possible circularity from the
framework of relative time.

Both the time-stratigraphic classification of
Middle Devonian rocks of the United States
and correlation with European series have
undergone revision in recent years and are not
entirely stabilized. The ‘“Hamilton” (com-
prising the Marcellus, Skaneateles, Ludlowville,
and Moscow formations as revised by Cooper,
1930) and the overlying Tully and “Chemung”
formations and their lateral equivalents, are the
Phacops rana and P. dowensis-bearing rocks.
Cooper et al. (1942) classified these rocks as the
Erian series, subdivided into the Cazenovia,
Tioughnioga, and Taghanic stages (see fig. 1).
The lower portion of the Cazenovian, corre-
sponding to the Marcellus and its equivalents,
was considered Eifelian, and the rest of the
Erian was allocated to the Givetian.

A slightly rearranged classification is given
by Rickard (1964) and adopted here (fig. 1).

The main change is the downward extension of
the Givetian to include the entire Cazenovian
and the reallocation of the Taghanic to the
younger Frasnian series. Thus under currently
accepted terminology, there is no convenient
term to embrace Cazenovia, Tioughnioga, and
Taghanic. The Taghanic is Frasnian on the
basis of European ammonoid zones, and al-
though containing new, European-derived faun-
al elements (e.g., Scutellum), clearly is faunistically
closer to the underlying Hamilton rocks than
to the rocks subsequently deposited. On this
basis, the classification of Cooper et al. (1942) is
perhaps the more convenient as it provides a
term (“Erian”’) which exactly corresponds to the
Phacops-bearing rocks herein discussed. However,
accurate correlation with European rocks is
clearly desirable to facilitate close comparisons
of related taxa, and as conodonts and ammo-
noids indicate a correlation more along the lines
propounded by Rickard (1964) than by Cooper
etal. (1942), Rickard’s classification is accepted
here. For convenience, the term “Middle
Devonian’ as used throughout this study stands
for Cazenovia, Tioughnioga, and Taghanic
stages.

Although a study of geographic and temporal
variation must necessarily have an independently
established time framework on a regional basis,
the Middle Devonian of the eastern and central
United States is far from totally understood.

Disagreements on the correct correlation of

COOPER, et al., 1942 N.Y.S. SECTION RICKARD, 1964
TAGHANIC TULLY TAGHANIC SENECAN | FRASNIAN
MOSCOW
GIVETIAN TIOUGHNIOGA TIOUGHNIOGA
ERIAN LUDLOWVILLE
ERIAN GIVETIAN
SKANEATELES
] CAZENOVIA CAZENOVIA
EIFELIAN MARCELLUS

Fig. 1. Comparison of the time-stratigraphic classifications of Middle Devonian rocks by
Cooper et al. (1942) and Rickard (1964).
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rocks of certain areas with the standard of the
Chenango Valley in New York are common,
and a certain amount of choice exists between
two or more slightly variant correlations pro-
posed by different workers. The works of G. A.
Cooper over the past 40 years serve as the
starting point for all discussions of Middle
Devonian strata of the eastern and central
states and southwestern Ontario. Figure 2 shows
the major stratigraphic sections investigated in
the present study. Although Cooper et al. (1942)
is the main source, the most recent work in
each area has been incorporated into the chart.

A noticeable feature of the Middle Devonian
of eastern and central North America is the
virtual absence of Tioughnioga sediments west
of the Buffalo arch. The only exceptions are the
widespread basal Tioughnioga ‘Centerfield”’
faunas and the Widder, Norway Point, and
Lower Petoskey formations of southwestern
Ontario and eastern and western Michigan.
No proved Moscow equivalent exists west of
Buffalo, New York where the Windom member
thins to 12 feet on the eastern shore of Lake Erie.

The stratigraphic section, then, is far more
complete in the exogeosyncline on the eastern
margin of the continent than it is on the cratonal

interior to the west. The rock sequences in the
east are also much thicker and evidently repre-
sent a more complete record of time.

The well-known clastic wedge of the eastern
exogeosyncline of the Middle Devonian thins
and pinches out to the west, with sandstones
and siltstones giving way to calcareous shales and
purer limestones. Occasional limestones do
occur in the east and form the basis of most of the
understanding of the physical stratigraphy of
the Hamilton Group, particularly in New York.
But in general, within any one recognizable
biostratigraphic unit of short duration, there is a
great range of sedimentary environments pre-
served. The direction of greatest sediment
variation is along a line normal to the roughly
north-south strike of the ancient shoreline in the
east running west to Michigan. It is along this
axis that the greatest amount of variation within
both species and subspecies of Phacops is evident.
There is much less sediment and biologic
variation parallel to the shoreline within the
Appalachian system and within other local
tectonic areas such as the Michigan Basin.

A complete locality list for specimens used
is given in Appendix 2.



MORPHOLOGY AND RELATIONSHIPS OF THE BIOSPECIES
PHACOPS RANA (GREEN, 1832) AND PHACOPS IOWENSIS
DELO, 1935

Phacops AND RELATED GENERA are morphologi-
cally quite uniform. Campbell (1967, p. 33-35)
has recently presented a full diagnosis of the
genus Phacops which will not be repeated here.
There is as yet little agreement on reliable,
species-specific characters that may be used
systematically to clarify the definitions of, and
interrelationships among, the many species of
Phacops described in the literature. Although it is
unwise to extrapolate the findings of a single
study on but two species and apply a priori the
species-specific criteria found to differentiate P.
rana from P. iowensis to the anaylsis of other
species of Phacops, certain of these differentia do
seem to have importance within the genus as a
whole and promise to help untangle the difficult
problem of species relationships within Phacops
and closely allied genera in the Silurian and
Devonian.

Foremost among these characters is the eye
complex, particularly the distribution of lenses
on the visual surface. Steininger (1831, 1. 351, fI.)
prophetically saw the importance of lens
arrangement as an important taxonomic feature
of the phacopids, but it was not until Clarkson
(1966a, 1966b) presented lens number counts
in terms of dorsoventral files (see Appendix 1 for
a glossary of morphological terms) that the
systematic value of lens arrangement within the
Phacopidae became clear. Very simply, a
unique number of dorsoventral files is reached
early in holaspid ontogeny within any single
population sample and is stabilized throughout
the remainder of ontogeny. With but few
exceptions known to me, all variation in dorso-
ventral file number is interpopulational or
interspecific. Variation in total number of
lenses in the eye, on the other hand, is a function
both of dorsoventral file number and the
number of lenses per dorsoventral file. This
latter factor is complex and is discussed at length
elsewhere (Eldredge, Ms) ; variability in number
of lenses per dorsoventral file ranges from
asymmetry within an individual through the
interspecific level.

Differences in dorsoventral file number form
the primary, but by no means the only, means
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of distinguishing P. rana from P. iowensis. In
addition, as discussed in detail below, the same
criterion is of utmost importance in the de-
lineation of subtaxa within the P. rana group.
Since Clarkson’s (1966a, 1966b) work appeared,
the importance of dorsoventral file number in
phacopid (sensu lato) systematics has been inde-
pendently discovered by Burton (working on
some European species of Phacops) and Young
(working on American pterygometopids). There
can be no question of the great potential that
this easily observed character may have in
clarifying the interrelationships among phacopid
taxa.

The lenses are always arranged in 13 dorso-
ventral files (vertical columns) on the visual
surface of the eye in all but the smallest post-
larval instars of P. iowensis. Phacops rana, on the
other hand, has from 15 to 18 dorsoventral
files, and two intermediate populations are
known where variation between two or more
dorsoventral file numbers is continuous.

Phacops iowensis also tends to have fewer
lenses per dorsoventral file than does P. rana, and
the combination of fewer dorsoventral files and
fewer lenses per dorsoventral file amounts to
differences in average number of lenses per eye
between the two species. The average number
of lenses per population ranges from 40 to 48
in different populations of P. iowensis, and the
maximum number of lenses observed in an
individual specimen is 54. Interpopulational
variation in average number of lenses is great
in P. rana, and ranges from a low of 51 to over
100.

In addition to dorsoventral file numbers, other
characters serve to differentiate P. rana from P.
iowensis, and, equally as important, to unite
as a whole the various populations of P. rana
with different numbers of dorsoventral files
(see figs. 3, 4, 13-16, 22, 23). The librigenal and
fixigenal moieties of the ocular platform are
far more sharply defined in P. iowensis than in
P. rana because of the more deeply emplaced
facial suture in the former.

The exoskeleton of both species tends to be
covered by tubercles over wide areas. Tubercles
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in P. jowensis tend to be of uniform size and are
generally rounded at the base, rising in a conical
fashion and often terminating in a point. Phacops
rana shows greater variation in tubercle size
and shape, but the tubercles are usually bluntly
rounded on top.

Tubercle shape is of critical importance on
certain areas of the exoskeleton. In P. rana, the
tubercles of the occipital lobe and axial rings
of the thorax and pygidium become transversely
elongated and flattened. Tubercle elongation is
also present on the cephalic margin on the
genae and particularly on the anterior portion of
the composite glabellar lobe, where the elonga-
tion is frequently so highly developed as to
produce long, wavy transverse ridges similar to
those on the external surface of the doublure and
hypostoma. No transverse elongation of tuber-
cles is found in P. jowensis.

Tubercles in both species tend to be larger
on the glabella (including glabellar lobe lp)
than elsewhere on the cephalon. The ocular
platform is usually more heavily tuberculated
in P. jowensis than in P. rana.

Tuberculation is generally heavier over the
thorax and pygidium in P. fowensis than in most
populations of P. rana. The lateral and posterior
margins of the pygidium are heavily tubercu-
lated in P. jowensis, and tuberculation is generally
obsolescent on the pygidial margins of P. rana.

Many specimens of P. iowensis, including the
holotype (SUI 9-266, see fig. 3), show obso-
lescence of the 1p glabellar furrow mesially and
a consequent tendency toward incorporation of
glabellar lobe 1p with the composite glabellar
lobe. Whereas other specimens of P. iowensis
show moderately deep emplacement of glabellar
furrow 1p, P. rana never shows any obsolescence
of this furrow. Glabellar furrows 2p and 3p are
variably developed in both species, but per-
haps more commonly encountered in P. jowensis.

The genal angle terminates in a moderately
sharp point in P. iowensis, and is somewhat more
bluntly rounded in all but the earliest popula-
tions of P. rana. When the cephalon is oriented
with the dorsal margin of the visual surface in
the horizontal plane, the genal angle forms the
ventralmost portion of the cephalic margin in
rana. In towensis, with the exception of some of
the earlier specimens known, the ventralmost
portion of the cephalon is anterior to the genal
angle and is situated below the eye. The ventral

margin is thus slightly recurved posterodorsally
anterior to the genal angle in P. towensis.

There is no consistent difference in the num-
ber of axial rings or pleura on the pygidia of the
two species. The pleura are highly arched and
the pleural furrows deeply incised in P. iowensis,
in contrast to the rather flat pleura and shallow
pleural furrows in P. rana.

The first anterior interpleural furrow com-
monly is weakly developed in P. rana, particu-
larly in specimens from older formations. The

Fic. 3. Phacops iowensis iowensis Delo, 1935. A, B.
Holotype, Cedar Valley Formation, SUI 9-266. A.
Dorsal view, x2. B. Left lateral view of cephalon,
%X 4. C. Dorsal view of pygidium, paratype, Cedar
Valley Formation, SUI 9-117, x 3.5.



58 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

anterior two or even three interpleural furrows
are frequently developed in P. jowensis.

Additional criteria for distinguishing the
two species emerge in factor analysis of linear
measurements and are discussed below.

By far the most important differences be-
tween the two species are the number of dorso-
ventral files on the visual surface, shape and
distribution of tubercles, particularly on the
cephalon, and relative degree of differentiation
of the ocular platform into librigenal and
fixigenal moieties.

Although the term ‘‘biospecies’ should per-
haps be applied as a conclusion following an
exhaustive study, it is perhaps justifiable at this
point to claim such status for both P. rana and
P. iowensis as a working hypothesis. The charac-
ters enumerated immediately above at the very
least justify recognizing both rana and iowensis as
“Operational Taxonomic Units.”” Full status as
““biospecies” further depends upon demon-
stration of historical cohesion or integrity, which
can only be deduced following a full analysis
of interrelationships among any subtaxa found
to exist, and consideration of geographic and
stratigraphic distributional data. But the fact
remains that dorsoventral file number and all
other characters mentioned above point to the
existence of two discrete and internally consist-
ent taxa, and for the purposes of subsequent
analysis and discussion, the assumption is made
that P. rana and P. jowensis in fact are true bio-
species.

The two species may be diagnosed as follows:

SYSTEMATIC PALEONTOLOGY
FAMILY PHACOPIDAE HAWLE AND CORDA, 1847
GENUS PHACOPS EMMRICH, 1839

Phacops iowensis Delo, 1935

Phacops iowensis Dero, 1935, p. 422-423, pl. 48.
Phacops iowensis: Stumm, 1953, p. 140-142, pl. 12.

Figure 3; see also figures 22, 23

EMENDED DiAGNosis: Eyes moderately large,
bearing 13 dorsoventral files of lenses in normal
adults. Trace of facial suture over ocular
platform deeply incised. Genal angles termi-
nating in blunt point, recurved dorsally from
ventral cephalic margin. Glabellar furrow Ip
variably incised, occasionally obsolescent mes-
ially. Glabellar furrows 2p and 3p weakly
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developed or absent. Cephalon covered by
round, conical tubercles of uniform size, not
becoming elongated transversely.

Thorax generally covered with tubercles
similar to those on cephalon.

Pygidium with eight to 10 axial rings and
six to eight pleura. Pleura highly arched, pleural
furrows deeply incised. Anterior two to five
interpleural furrows frequently developed, with
area of fused pleuron anterior to interpleural
furrow more highly arched than posterior
region. Tuberculation heavily developed over

Fic. 4. Phacops rana rana (Green, 1832). A, B.
Hamilton Group, Eighteen Mile Creek, Erie County,
New York, AMNH 5499/1. Figured by Hall and
Clarke, 1888, pl. 8, fig. 7. A. Dorsal view of cephalon,
X 3. B. Frontal view of cephalon, x 3. C. Left lateral
view of cephalon, Hungry Hollow Formation,
UMMP locality B, UMMP 24313, x2. See also
figure 24. D. Dorsal view of pygidium, Brandon
Substage, Cedar Valley Formation, Belanski collec-
tion, SUT 6267, x 3.
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entire surface of pygidium, including pygidial

margins. L
HoroTyPE: State University of Iowa 9-266.

Phacops rana (Green, 1832)

Calymene bufo var. rana GREEN, 1832, p. 42, casts 11, 12.

Calymene bufo: Harv, 1843, p. 201, fig. 80.

Phacops bufo: Emmons, 1860, p. 138, fig. 124.

Phacops rana: Harr, 1861, p. 55.

Phacops rana: HALL AND CLARKE, 1888, p. 19-26, pls.
7-8.

Phacops rana: DELo, 1940, p. 22-23, pl. 1.

Phacops rana: STummM, 1953, p. 135-140, pls. 9-12
(in part).

Figure 4; see also figures 13-16

EmeNDED Dracnosis: Eyes large, bearing from
15 to 18 dorsoventral files of lenses in normal
adults. Trace of facial suture over ocular
platform shallow. Genal angles gently rounded
and near ventral cephalic margin. Glabella
furrow 1p deeply incised, glabellar furrows 2p
and 3p weakly developed or absent. Cephalon
covered by low, rounded tubercles becoming
transversely elongate at the anterior margin
of the glabella, on the genae, and on the occip-
ital lobe. Tubercles largest on central region
of composite glabellar Iobe and glabellar lobe Ip.

Axis of thorax covered with transversely
elongate tubercles. Tuberculation on pleura
variably developed.

Pygidium with from seven to 10 axial rings
and six or seven pleura. Tubercles moderately
elongate transversely on axis; tubercles cover
pleura, becoming obsolescent on pygidial mar-
gin. Interpleural furrows generally obsolescent,
anteriormost interpleural furrow occasionally
present as shallow groove set off by parallel
rows of tubercles. Pleural furrows rather shallow,
pleura only moderately arched.

Hororyre: NYSM 13887/1.

THE AFFINITIES OF PHACOPS RANA AND
PHACOPS IOWENSIS

Hall and Clarke (1888, p- 24) observed that P.
rana seemed more closely related to species of
Phacops from Germany than to any other species
found in the Devonian of North America.
Examination of specimens of Lower and Lower
Middle Devonian species of Phacops in the
collections of the American Museum of Natural
History and the Museum of Comparative
Zoology, Harvard University, strongly con-
firms the opinion of Hall and Clarke.
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Gedinnian-Siegenian species of Phacops cur-
rently recognized from North America include
P. logani Hall, 1861, P. hudsonicus Hall, 1861,
P. raymondi Delo, 1935, and P. claviger Haas,
1969. Emsian-Eifelian species include P. cristata
Hall, and P. cristata var. pipa Hall and Clarke,
1888, as well as variants of P. cristatq recently
described by Stumm (1954). Each of these
species is characterized by tuberculation essen-
tially identical in shape and distribution to the
condition in P. iowensis described above. In
addition, P. logani has 17 dorsoventral files,
whereas P. hudsonicus has probably 