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ABSTRACT

Antarctic Neogene deep sea sediments preserve excellent species-level records
of faunal evolution that can be compared to equivalent records of environmental
change from stable isotopes of carbon and oxygen, and to changes in the planktonic
biota as recorded by carbonate/biosilica values in the sediment. A synthesis of pale-
oenvironmental data and radiolarian occurrence data from three authors analyses of
ODP Legs 119 and 120 to the Kerguelen Plateau shows an inverse correlation
between overall radiolarian diversity and the inferred productivity of the environment.
Higher diversity, spumellarian (presumed partly symbiont bearing) faunas are seen in
lower productivity, earlier Neogene carbonate phytoplankton rich sediment, but give
way to lower diversity, presumably deeper dwelling, nassellarian dominated faunas
(mostly without symbionts) in the later Neogene, in synchrony with the development of
higher productivity in the late Neogene Southern Ocean. Major turnover events and
increases in average extinction rates are associated with the mid-Miocene (ca. 15-13
Ma) and end-Miocene (ca. 7-4 Ma) increased glaciation and increased productivity
shifts on or around Antarctica. Species longevities also decrease substantially during
the Neogene, a phenomenon not previously reported for Cenozoic microfossils. In
older sediments a bimodal distribution of taxon longevities is observed, although this
latter phenomenon may be an artifact of the data analysis. Although environmental
change appears to be the primary determinant of evolutionary change in these faunas,
biologically mediated secondary effects caused by change in the physical environment
(e.g., productivity and nutrient availability), are inferred to be the proximal causes driv-
ing evolution.
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INTRODUCTION

The factors driving evolutionary change in bio-
tas are controversial. Both primarily internally
driven and externally controlled evolutionary
change have been proposed. At one end of the
spectrum, the Red Queen model posits primarily
internal, biologic interaction driven evolution (van
Valen 1973; Stenseth and Maynard-Smith 1984),
while at the other extreme, Stenseth and Maynard-
Smith’s (1984) stationary model, or Vrba’'s (1980,
1985) pulsed model posit that evolutionary change
is dominantly driven by change in the external
physical environment. Although numerous studies
of biotic evolution have been published using mac-
rofossil data, marine microfossil data offers, in prin-
ciple, several advantages for this type of study,
including relatively complete, species-level data
sets, good chronology, and the widespread avail-
ability of independent, detailed paleoenvironmental
information.

Marine micropaleontologists have only infre-
quently addressed this problem directly, being pri-
marily concerned with research in biostratigraphy
and paleoenvironmental reconstructions. Yet, at
least in deep-sea plankton micropaleontology,
these primary fields of inquiry suggest that both
external and internal factors may be important. A
close correlation between species distributions and
external environmental factors has long been
known and has been widely exploited by using fos-
sil distributions as a proxy for past environmental
parameters such as temperature (Imbrie and Kipp
1971; CLIMAP project members 1976; Kennett
1982). Yet in biostratigraphic work, it is generally
assumed that species origins and extinctions occur
more or less simultaneously throughout a broad
geographic range (Bolli et al. 1985), despite the
existence of environmental gradients in the
oceans. Shifts in these gradients during the normal
course of gradually changing global environments
would cause critical absolute values of environ-
mental thresholds to be crossed at noticeably dif-
ferent times in different locations. Biostratigraphic
event isochroneity thus would seem to violate the
basic assumption that a species’ distribution,
including the bounding value of zero abundance
(local extinction), is closely controlled by specific
combinations of external environmental parame-
ters. Although detailed evaluation of biostrati-
graphic event isochroniety has shown this
assumption sometimes to be wrong (Johnson and
Nigrini 1985; Moore et al. 1993), there are also
studies which have demonstrated that it is often
correct (Hays and Shackleton 1976; Thierstein et
al. 1977; Flores et al. 2000; Raffi, 2002).

Studies of macroevolutionary patterns in
marine microfossil plankton do exist that have
addressed the question of biotic vs abiotic controls
on macroevolutionary change. Hoffman and Kitch-
ell (1984) were among the first to examine macro-
evolutionary patterns with the explicit goal of
testing biotic vs abiotic hypotheses. They studied
several groups of Cenozoic marine plankton, but,
due to the lack of comparisons to paleoenviron-
mental data, their results were inconclusive. Kitch-
ell (1987) subsequently compared Hoffman and
Kitchell's (1984) evolutionary patterns to the pub-
lished literature of paleoceanographic change but
was unable to detect significant correlations
between evolution and environment. Most other
work by contrast has demonstrated (or at least
argued) for a strong link between environmental
change and evolutionary change (e.g., Lipps 1970;
Stehli et al. 1972; Hart 1980; Thunell 1981; Wei
and Kennett 1983, 1986; Hallock 1987; Roth 1987;
Stanley et al. 1988; Corfield and Shackleton 1988;
Hallock et al. 1991; Pearson 1996). Several differ-
ent environmental factors have been considered by
these authors as possible pacesetters for evolu-
tionary change, including changes in water temper-
ature, global latitudinal gradients in the physical
environment; water column stratification and pro-
ductivity. In general, the results of these studies
suggest that productivity and water column stratifi-
cation play important roles in regulating rates of
faunal change. Other more biologic or internal fac-
tors, such as the geographic extent of species, or
the prior longevity of a species, by contrast, do not
appear to play an important role. Nor has tempera-
ture been shown to be the most important direct
factor. Differences in mean longevity and diversifi-
cation history are, however, observed between
individual clades within major taxonomic groups,
suggesting that other, often poorly understood, bio-
logic adaptations also play important roles.

The work done so far on macroevolutionary
change in marine microplankton nonetheless still
has some limitations. Most importantly, the vast
majority of these studies are of one fossil group -
the planktonic foraminifera - which, despite their
enormous importance to paleoceanography and
biostratigraphy research, are a relatively modest
component of the modern plankton, measured
either by taxonomic diversity (ca. 40 living mor-
phospecies) or abundance in the plankton. Thus
this group may not be fully representative of plank-
ton organisms in general. Planktonic foraminifera
are also primarily found in the ‘warm water lid’ of
the ocean— (i.e., the low to mid latitude regions and
only in the upper water column). This is significant,
as within this environment many of the large envi-
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ronmental changes that have occurred elsewhere
in the oceans over time have been muted. Most of
the global temperature change signal in the Ceno-
zoic, for example, has been concentrated in the
higher latitude regions, as have the most dramatic
changes in surface water-mass distribution and cir-
culation, particularly the formation of the circumpo-
lar Antarctic Current and the Southern Ocean in
the Paleogene (Kennett 1982; Lazarus and Caulet
1994). The evolutionary effects of temperature and
circulation change may be more apparent in fau-
nas from these polar regions than in the lower lati-
tude planktonic foraminifera studied so far. Thus, it
is important to examine patterns of macroevolu-
tionary change in other groups of organisms, par-
ticularly in regions outside the warm surface waters
of the tropics to subtropics, to gain a more com-
plete understanding of the relationship between
environmental change and evolution. Understand-
ing evolutionary processes in polar regions, partic-
ularly the Antarctic, is also of interest in itself, as
these regions have played major roles in the evolu-
tion and maintenance of global biodiversity and
global geographic biodiversity gradients, at least in
Cenozoic times (Crame 1989; Crame and Clarke
1997).

Radiolarians are one group that can provide
such data, as they are relatively diverse (globally,
ca. 400 living morphospecies - Casey et al. 1979;
Takahashi 1991) and have diverse polar faunas.
Radiolarians also inhabit a broader range of water
depths and occupy a broader range of ecological
niches than do planktonic foraminifera (Casey et
al. 1979; Casey 1993; Anderson 1980, 1993).
Despite this potential, macroevolutionary studies of
radiolarians are rare, and, to the author’s knowl-
edge, only two such studies have been published,
both of low latitude Mesozoic faunas, that have
directly examined the relationship between evolu-
tionary change in radiolarians and environmental
change. Erbacher et al. (1996) detected a close
correlation between faunal turnover in late Creta-
ceous Tethyan radiolarian faunas and oceanic
anoxic events. Danelian and Johnson (2001) com-
pared patterns of faunal change in Tethyan Juras-
sic and early Cretaceous radiolarians to the
general history of regional paleoceanographic
change, and argued for an inverse relationship
between oceanic productivity and faunal diversity.

Antarctic Neogene radiolarian faunas are
employed in this investigation to explore these
issues. These faunas are diverse and have been
exposed to major changes in the environment due
to long-term trends of cooling and glaciation of the
Antarctic continent (Kennett 1982). The Neogene
Antarctic radiolarian record is thought to closely

reflect the original living diversity of the plankton.
As is true for other regions of the ocean with good
biosilica preservation, the great majority of living
taxa in the Antarctic Ocean are also found in sur-
face sediments, at least in regions not heavily influ-
enced by glacial marine sedimentation (Lozano
and Hays 1976; Nakaseko and Nishimura 1982;
Abelmann 1992b). Furthermore, except for the ear-
liest Miocene, Neogene dissolution has not been
extensive enough to strongly affect preserved radi-
olarian diversity (Chen 1975; Lazarus 1990, 1992;
Abelmann 1990, 1992a; Caulet 1991). Many Ant-
arctic Neogene species are also endemic to the
region, and, as is true for most Antarctic plankton,
show little within-region geographic restriction
(being instead distributed throughout the Southern
Ocean, see Hays 1965; Lazarus and Caulet 1994).
This is due to the circumpolar circulation system
which, as in other plankton provinces, mixes biotas
throughout the Antarctic water mass over decadal
periods (Kennett 1979; McGowan 1986).

The fossil record of these faunas thus repre-
sents a relatively easily sampled, unusually com-
plete history of the evolution of a distinct biota. Due
to the availability of detailed records of regional
environmental change, this fauna also provides
useful test material for examining the role of envi-
ronmental change in the evolution of faunas.
Although our knowledge of these faunas’ taxonomy
and stratigraphic distribution are still incomplete,
extensive study and recovery of new materials
over the last decade by the Ocean Drilling Program
(ODP) has provided a wealth of new material. This
report presents the first quantitative, fauna-based
macroevolutionary analysis of the Antarctic Neo-
gene radiolarian record, or for that matter (so far as
is known to this author), of any Cenozoic radiolar-
ian fauna. This study is based on the range-chart
data of three authors from ODP Legs 119 and 120
to the Kerguelen Plateau: Caulet (1991), Abelmann
(1992a) and Lazarus (1992). The primary goal of
this work is to document and interpret the correla-
tions, if any, between known patterns of environ-
mental change and evolution of the fauna.

A second, methodological goal is present as
well. Many previous studies of macroevolution in
the plankton cited above have relied on large com-
pilations of literature data, and frequently on indi-
rect representations of the primary observational
data via major taxonomic syntheses (e.g., Kennett
and Srinivasan 1983; Pearson 1993) as the base
for analyses. Others (e.g., Corfield and Shackleton
1988) have carried out comprehensive surveys of
faunas from selected sections as a base for analy-
sis. Neither of these methods can yet be employed
in radiolarian work. Major taxonomic/stratigraphic
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syntheses (at least below the family level) compa-
rable to those for planktonic foraminifera are not
yet available for radiolarians. Nor, given the highly
incomplete species-level knowledge of fossil radi-
olarian diversity, is it possible to easily collect com-
prehensive faunal data from stratigraphic sections.
These limitations must be overcome in order to use
the data currently available: the original published
marine micropaleontological biostratigraphic litera-
ture. Direct use of such primary range-chart data
has been comparatively limited in macroevolution-
ary research, despite its richness (the Neptune
database of selected DSDP/ODP range chart data
for example currently has nearly 400,000 primary
observational records in it for several thousand
species of Cenozoic plankton (Lazarus 1994; http:/
/www.unibas.ch/museum/nmb/21_FOR/MRC/
NEPTUNE.htm). Given both the potential due to
the vast extent of this primary data set and the diffi-
culties that can occur in compiling such data, the
secondary goal of this study is to explore methods
that are appropriate for synthesizing this largely
underutilized record of evolutionary change.

Prior Research

Current knowledge of radiolarian faunas in
Antarctic Neogene sediments is derived from early
taxonomic/stratigraphic studies (Hays 1965; Petru-
shevskaya 1967, 1975; Chen 1975) of piston and
DSDP cores, and more extensive taxonomic, strati-
graphic and distributional study from numerous
ODP cores, which also generally have accurate
geochronology based on both microfossils and
paleomagnetic data (Gersonde et al. 1990; Barron
et al. 1991; Harwood et al. 1992). However, this
research has been done using the constraints
imposed by the nature of Southern Ocean deep-
sea drilling. The most important constraint has
been that, when the drilling ship has been in the
Antarctic, several legs have been run in quick suc-
cession, resulting in several researchers working
on essentially the same radiolarian faunas simulta-
neously. In early DSDP work this frequently led to
multiple, conflicting descriptions of the same spe-
cies (e.g., Chen 1975; Petrushevskaya 1975, see
also discussion in Lazarus 1990). Studies on the
more recent ODP materials tended, by contrast, to
be divided into individual studies of different, only
slightly overlapping geologic time intervals. This
reduced the degree of potential taxonomic confu-
sion, given the largely non-overlapping ranges of
time being examined, and also reduced the taxo-
nomic scope of individual studies to more manage-
able levels. Essentially, each researcher compiled

a checklist of taxa of interest for his or her geochro-
nologic study interval. Advantageous as this has
been for the taxonomic and stratigraphic goals of
the original research, the largely non-overlapping
time intervals of the published primary data creates
a significant complication for later evolutionary
analysis.

Despite the much improved knowledge of
these faunas as the result of recent work, faunal
lists are still very incomplete, with perhaps as many
as half the preserved taxa not yet described or
studied stratigraphically. This, in itself, is not neces-
sarily a major limitation for study of faunal evolu-
tionary patterns—most studies of
macroevolutionary pattern, at least those based on
multicellular taxa, are based on much less com-
plete data than used here. What is important how-
ever, is that the taxa studied to date are a fair
representation of the original total diversity. It is not
believed that any major systematic bias exists in
the choice of taxa studied so far, although the pri-
mary stratigraphic interest of research on these
faunas may have somewhat biased the data col-
lection in favor of short ranging taxa. Significantly,
at least some taxa from each family-level group
appear to have been included in published studies,
with roughly similar numbers of taxa included from
the two basic divisions of fossil radiolarians
(Spumellaria and Nassellaria) as well. However, in
the existing data, not all taxa have been studied in
all stratigraphic intervals by all authors. In particu-
lar, each researcher selected a subset of the taxa
available for his or her study, and these nonstand-
ardized checklists are difficult to combine without
creating a major compilation artifact: a species
studied by one worker may not have been exam-
ined by another, despite its presence in the latter’s
material. This has the data compilation effect of
artificially truncating the range of the taxon at the
temporal boundary of the study intervals between
the two workers. A second problem is the non-
standardization of species concepts. Researchers
cooperated in creating standardized definitions for
known or suspected stratigraphic indicator taxa,
but for other taxa coordination was less rigorous,
and the scope of taxon names (some still in open
nomenclature) can differ significantly from one
worker to the next. This can lead to substantially
different reported stratigraphic occurrences for
taxa, since many of the taxa studied are parts of
anagenetically evolving phyletic lineages, and dif-
ferent morphologic boundaries between taxa divide
the lineage into named taxa with different temporal
ranges.
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METHODS

To avoid these problems, data from each
worker has been examined in this study as an
independent data set. The estimates of evolution-
ary change (metrics) resulting from the analyses
are compared to each other in intervals of overlap
to check for consistency, and combined to create a
composite record of evolutionary change over the
entire Neogene.

Radiolarian stratigraphic occurrence data
from each author, if available from more than one
site, were combined to make composite range
charts of taxa occurrences (Appendix 1 and
Appendix 2). Data sources included the author’s
own files and ODP’s online archives (http:/
www.ngdc.noaa.gov/mgg/mggd.html;  http://www-
odp.tamu.edu/download/index.htm). All samples
were dated using age models developed by the
Neptune project (Lazarus 1994) and MRC
research center in Basel (http://www.unibas.ch/
museum/nmb/21_FOR/MRC/NEPTUNE.htm) and
are based on the published leg primary strati-
graphic data sets (Barron et al. 1991; Harwood et
al. 1992) and the Berggren et al. (1995) time scale.
First and last occurrences of taxa were estimated
for the most part using per taxon average strati-
graphic gap size, which, in the absence of detailed
information on preservation potential variation
(Marshall 1990, 1994, 1997), appears to be a rea-
sonable measure of potential age uncertainty for
each event in sections with non-uniform discrete
sampling.

The data was binned into 1 m.y. intervals for
summary statistics. This binning interval was cho-
sen as the maximum resolution that was compati-
ble with the average age uncertainty in the
placement of first and last occurrence events. With
the 1 m.y. interval chosen, the event age uncer-
tainty estimates largely fell within the bin intervals.
Where they crossed a bin boundary the mid-point
of the uncertainty interval was used. Diversity was
estimated by range-through methods, and evolu-
tionary change was represented by the metrics
percent first occurrences, percent last occurrences
and turnover (sum of the two former). Individual
taxon longevities (with or without the inclusion of
taxa whose ranges are truncated by the upper and
lower limits of the sample sets) were also compiled
for selected time intervals and higher taxonomic
groups.

Paleoenvironmental data were compiled from
several of the same sites used for radiolarian anal-
ysis, and samples ages were obtained using the
identical age models for the sites. Stable isotopes
of oxygen and carbon are from Leg 120 sites 747

Figure 1. Location of ODP sites used in this study.

and 751 (Mackensen et al. 1992; Wright and Miller
1992), while percent carbonate in the bulk sedi-
ment is from Site 751 (Mackensen et al. 1992).
Neogene stable oxygen isotope data from these
sites estimate both Southern Ocean near-surface
water temperatures and ice sheet volume on Ant-
arctica, while stable carbon isotope ratio data
record both local and global changes in patterns of
organic carbon storage, and thus indirectly indicate
changes in ocean nutrient chemistry (Kennett
1982, Miller and Fairbanks 1985; Mackensen et al.
1992; Wright and Miller 1992). In the Antarctic
Neogene, pelagic sediments such as those studied
here consist of essentially only two major compo-
nents - biogenic carbonate and biogenic opal
(mostly diatoms). Although dissolution also affects
the record, within the sites reported here changes
in carbonate content primarily reflect changes in
oceanic productivity - both absolute values and the
nature of the dominant primary producers (Kennett
and Barker 1990; Mackensen et al. 1992, Diester-
Haass 1994; Diester-Haass and Zahn 1996;
Diester-Haass et al. 2002).

MATERIAL

A total of 168 named taxa from 6 sites (744,
745, 746, 747, 748, 751) from the Kerguelen Pla-
teau were analyzed in the study (Figure 1).

Caulet (1991) provided a detailed record of
faunal change (50 taxa, Figure 2A, Table 1) for the
latest Miocene to late Pleistocene interval, based
on 76 samples from Leg 119 Site 745. The mid
Pliocene to Recent time interval is not well repre-
sented in most ODP sites recovered from the
Southern Ocean and, in particular, was not studied
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Figure 2. Stratigraphical distribution of taxa in the three studied data sets - Caulet (top), Lazarus (middle) and Abel-
mann (bottom). Vertical scale for age for all plots is the same, horizontal scale for taxa categories arbitrary. Names of
species in each graph are given in the Figure 2 List (page 29).

in detail by either Lazarus (1992) or Abelmann
(1992a). Although Caulet (1991) also provided less
detailed data for the earlier Neogene as well, the
bulk of his study is devoted to the very poorly
known Southern Ocean faunas of Eocene age, that
were well recovered by Leg 119 drilling. In this
study, only the detailed Plio-Pleistocene data of
Caulet are used, although its relative shortness (0-

6 Ma, 6 m.y.) creates substantial problems in range
truncation. Attempts to incorporate some of Cau-
let's results from older Neogene intervals were
frustrated by the lack of well-resolved age models
for these older sections.

Abelmann (1992a) studied radiolarian faunas
from the middle and early Miocene interval of Leg
120 sediments, using 139 samples from three sites
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Table 1. Stratigraphic-range information for species in the Caulet data set. Species marked with an asterisk had
occurrences that are too rare or scattered to be used in this study. Dashes indicate a truncated first occurrence, bold
values are FOs taken from the Lazarus data set. LOs with the value zero are taxa currently in existence. Longevities

that are based on truncated values are given in italics.

Name FO LO Range
Acanthodesmia viniculata 3 0 3
Actinomma popofskii 2.6 0 2.6
Antarctissa cylindrica 6.4 0.6 58
Antarctissa denticulata 2.6 0 2.6
Antarctissa robusta - 25
Antarctissa strelkovi 25 0 25
Anthocyrtella callopisma - 0.6
Botyropera triloba 4.6 0 4.6
Cycladophora bicornis 1.6 0 1.6
Cycladophora davisiana 2.7 0 27
Cycladophora pliocenica 9.6 1.6 8
Desmospyris rhodospyroides 20.5 4.9 15.6
Desmosypris spongiosa 5 2.5 25
Dictyophimus mawsoni 0.9 0.6 0.3
Eucyrtidium biconicum - 2.5

Eucyrtidium calvertense*
Eucyrtidium cienkowski*
Eucyrtidium inflatum
Eucyrtidium teuscheri orthoporus*
Eucyrtidium teuscheri teuscheri
Gondwanaria dogieli

Haliometta miocenica*
Helotholus praevema
Lamprocyrtis heteroporos
Litharachnium tentorium
Lithelius nautiloides
Lychnocanium grande
Mitrocalpis araneafera

(747, 748 and 751). The total number of taxa
reported (97, Figure 2B, Table 2) is relatively large,
and the total time interval covered (ca. 24-10 Ma,
or nearly 14 m.y.) is also substantial, but the data is
complicated by the fact that many taxa were not
examined in all three sites, leading to numerous
range truncations, even within the composite range
chart of this single author’s results, due to the dif-
fering time intervals studied in each site. Preserva-
tion and abundance of radiolarians in this sample
set are also relatively variable, and particularly in
the earlier Miocene can be poor enough to affect
observed diversity and taxon ranges.

1.3 4.4 6.9

1.9 0 1.9
3 3

- 4.6

6.1 25 3.6
0.7 0 0.7
1.7 0 1.7
9.9 4.9 5
0.9 0 0.9

The report of Lazarus (1992) on radiolarian
faunas from both Legs 119 and 120 provides a rel-
atively uniform data set from a large number of
sites (744, 745, 746, 747, 748, 751) comprising in
total 262 samples. A relatively fixed taxon checklist
was used in this study which covers the entire Neo-
gene interval, although the late Pliocene-Recent
and early Miocene intervals were not as exten-
sively examined as the early Pliocene to middle
Miocene intervals. The number of taxa considered
is moderately high (68 taxa were recorded, Figure
2C, Table 3), although noticably fewer taxa were
recorded than in the study by Abelmann. Of the
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Table 1 (continued)

Name FO LO Range
Phormostichoartus pitomorphus*
Phorticum clevei 4.9 0 4.9
Plectacantha sp. 0.9 0 0.9
Prunopyle antarctica 1.6 0 1.6
Prunopyle buspinigerum*
Prunopyle frakesi - 6.2
Prunopyle tetrapila - 1.5
Prunopyle titan 6.1 3.4 27
Pseudocubus vema 4.7 25 2.2
Pterocanium trilobum 2.6 0.2 2.4
Pterocorys clausus*
Rhizosphaera antarctica - 0
Saccospyris antarctica 1.7 0 1.7
Saccospyris conithorax 1.7 0 1.7
Saturnalis circularis 17.5 0 17.5
Spongotrochus glacialis 13.3 0 13.3
Stichocorys peregrina 9.8 4.7 5.1

Streblacantha circumtexta*
Stylatractus universus
Theocorys redondoensis*
Triceraspyris antarctica
Triceraspyris coronata

13.2 0.3 12.9

1.7 0 1.7
18.6 4.9 13.7

Notes: * -> not used as too rare, etc, bold - FAD taken from Laz data, italic - truncated range

three data sources used in this study, this one is
also the least affected by truncation problems, due
to the relatively long time interval covered (ca. 4-20
Ma, 16 m.y.) and consistency of data recording
between sites.

RESULTS
Diversity

Diversity results for the three different data
sources are shown in Figure 3 and summarized in
Table 4. For Abelmann’s data, two different curves
are shown: a raw data curve (with higher diversity
values) and a second, ‘corrected’ curve. This latter
curve shows only data for taxa whose upper or
lower ranges are not artificially truncated within the
composite range chart by the lack of primary
observational information in one or more sites. This
correction was judged to be necessary as the
observed diversity changes would otherwise be
partially controlled by the arbitrary cutoff of ranges

at the upper or lower boundaries of individual site
sample sets used in Abelmann’s study. This, of
course, eliminates significant numbers of taxa from
the author’'s data sets, but at least provides a
method for recording and analyzing data that is
consistent between different authors’ data sets.

In all three authors’ data sets, reported diver-
sity declines near the beginning and end of their
study intervals. Diversity, in both versions of Abel-
mann’s curve and in Lazarus’ data, increases grad-
ually in the early Miocene and falls significantly
near the early - middle Miocene boundary (ca., 15
Ma), although some of the drop in diversity at this
time is due to the differences in overall diversity
reported between the two authors. Diversity within
Lazarus’ data set rises from the middle Miocene
into the late Miocene and falls significantly into the
early Pliocene. Low diversity is also recorded in the
early Pliocene by Caulet. Diversity recovers in the
late Pliocene and Pleistocene within Caulet’s data
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LAzaRus: NEOGENE RADIOLARIA

Table 3. Stratigraphic-range information for species in the Lazarus data set. Same format as used for Abelmann data.
Colors for individual species indicate higher taxonomic group membership (Spumellarian in red, Nassellarian in blue).

Species FO LO R:rr:lgni:o FO w. truncs ttt?n‘::vs Rtar :?‘ecsw

(blue - N, red - S)

Acrosphaera ? mercurius 8.6 4.5 4.1 8.6 4.5 4.1
Acrosphaera australis 10.6 7.7 2.9 10.6 7.7 2.9
Acrosphaera labrata 7.7 4.8 2.9 7.7 4.8 2.9
Acrosphaera murrayana 12.3 9.8 2.5 12.3 9.8 2.5
Actinomma golowini 13.7 10.8 29 13.7 10.8 29
Actinomma magnifenestra - 13.7 20.5 13.7 6.8
Amphistylus angelinus - 11.9 20.5 11.9 8.6
Amphymenium challengerae 7.0 6.1 0.9 7.0 6.1 0.9
Antarctissa cylindrica 6.4 0.8 5.6 6.4 0.8 5.6
Antarctissa deflandrei 14.3 6.1 8.2 14.3 6.1 8.2
Antarctissa denticulata 7.9 - 7.9 0.0 7.9
Antarctissa strelkovi 9.0 - 9.0 0.0 9.0
Anthocyrtidium sp. 8.4 6.6 1.8 8.4 6.6 1.8
Calocyclas disparidens 16.9 16.2 0.7 16.9 16.2 0.7
Cenosphaera magnisphaera 14.5 9.8 4.7 14.5 9.8 4.7
Circodiscus microporus - 10.6 20.5 10.6 9.9
Cycladophora antiqua - 19.0 20.5 19.0 1.5
Cycladophora bicornis 10.7 - 10.7 0.0 10.7
Cycladophora davisiana 2.5 - 2.5 0.0 2.5
Cycladophora golli group - 14.8 20.5 14.8 5.7
Cycladophora humerus 13.8 9.2 4.6 13.8 9.2 4.6
Cycladophora pliocenica 9.6 1.8 7.8 9.6 1.8 7.8
Cycladophora regipileus - 15.5 20.5 15.5 5.0
Cycladophora spongothorax 12.2 8.8 3.4 12.2 8.8 3.4
Cyrtocapsella japonica 14.7 12.2 25 14.7 12.2 2.5
Cyrtocapsella longithorax - 14.2 20.5 14.2 6.3
Cyrtocapsella tetrapera - 13.6 20.5 13.6 6.9
Dendrospyris cf. D. megalocephalis 9.8 9.1 0.7 9.8 9.1 0.7
Dendrospyris megalocephalis 13.7 121 1.6 13.7 121 1.6
Dendrospyris rhodospyroides - 6.1 20.5 6.1 14.4
Desmospyris spongiosa 4.9 2.2 2.7 4.9 22 27
Dictyophimus crisae 17.5 15.7 1.8 17.5 15.7 1.8
Didymocyrtis/Diartus sp. 14.3 6.2 8.1 14.3 6.2 8.1
Druppatractus hastatus - 4.7 20.5 4.7 15.8
Eucyrtidium calvertense 17.5 20 15.5 17.5 20 15.5
Eucyrtidium cienkowski - 6.3 20.5 6.3 14.2
Eucyrtidium pseudoinflatum 11.3 4.2 7.1 11.3 4.2 71
Eucyrtidium punctatum 18.5 14.5 4.0 18.5 14.5 4.0
Helotholus haysi 9.2 7.3 1.9 9.2 7.3 1.9
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Table 3 (continued).

Species FO LO R:rr:iec:o FO w. truncs tl;t?n‘::vs Rtar :?::sw

Helotholus vema 4.9 2.2 2.7 4.9 2.2 27
Hexalonche philosophica ? - 14.4 20.5 14.4 6.1
Lamprocyclas aegles 7.6 6.1 15 7.6 6.1 1.5
Lampromitra sp. 13.4 3.8 9.6 13.4 3.8 9.6
Lithatractus timmsi - 11.5 20.5 11.5 9.0
Lithatractus timmsi ? 7.7 6.1 1.6 7.7 6.1 1.6
Lithomelissa stigi 10.5 9.0 15 10.5 9.0 1.5
Lychnocanium grande 9.9 4.5 5.4 9.9 4.5 54
Lychnocanomma conica - 13.2 20.5 13.2 7.3
Prunopyle hayesi - 8.6 20.5 8.6 1.9
Prunopyle titan 9.8 3.7 6.1 9.8 3.7 6.1
Pterocanium charybdeum trilobum 4.5 0.8 3.7 4.5 0.8 3.7
Pterocanium korotnevi 12.4 6.2 6.2 124 6.2 6.2
Rhopalastrum sp. 14.3 6.4 7.9 14.3 6.4 7.9
Saturnalis circularis 17.5 - 17.5 0.0 17.5
Sethoconus sp. - 7.8 20.5 7.8 12.7
Siphonosphaera vesuvius 10.6 7.4 3.2 10.6 7.4 3.2
Spongoplegma sp. Chen not enough data

Spongotrochus glacialis 13.3 - 13.3 0.0 13.3
Stichocorys peregrina 9.8 4.9 4.9 9.8 4.9 4.9
Stichopilium bicorne ? 16.9 10.8 6.1 16.9 10.8 6.1
Stylacontarium sp. - 13.3 20.5 13.3 7.2
Stylatractus santaenae - 4.8 20.5 4.8 15.7
Stylatractus transparum 11.2 4.6 6.6 11.2 4.6 6.6
Stylatractus universus 13.2 0.4 12.8 13.2 0.4 12.8
Thyrsocyrtis clausa 16.5 13.8 2.7 16.5 13.8 27
Triceraspyris antarctica 4.0 - 4.0 0.0 4.0
Triceraspyris coronata group 18.6 4.5 14.1 18.6 4.5 141
Velicucullus sp. - 13.7 20.5 13.7 6.8

set but does not reach the levels seen by either
Lazarus or Abelmann in earlier Miocene intervals.

FOs, LOs and Total Turnover

First occurrences (FOs), last occurrences
(LOs) and total turnover (the sum of FOs and LOs)
per 1 m.y. interval are shown for all three data sets
in Figure 4(A-C) and are summarized in Table 4.
Total turnover, which summarizes the relative
intensity of faunal change, is given in Figure 4A.
The overall pattern shows a trend from lower rates
of change (ca. 20% turnover per m.y.) in the early
Miocene to very high rates of change (as much as

50% turnover per m.y.) in the Plio-Pleistocene. The
trend is far from monotonic, however, with major
changes at a ca. 2-3 m.y. scale in the mid to early
late Miocene, and at ca. 1 m.y. scales in the latest
Miocene to Recent. As 1 m.y. is the sampling scale
, the true scale of variability in the latter interval
may even be shorter.

First and last occurrence data (Figures 4B
and C) reveal that two contrasting patterns contrib-
ute to the overall pattern of turnover. First occur-
rences vary substantially on short time scales, but
over the entire interval studied show no discernible
trend, although there are two broad intervals of low
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Figure 3. Species-level taxonomic diversity for the three data sets using the range-through method. Two curves are
shown for the Abelmann data - with (Ac) and without (Au) correction for taxa whose ranges are truncated internally in

the data set.

FO rates in the late middle Miocene and latest
Miocene. Last occurrence rates, by contrast, are
more clearly non-uniform, being low in the early
Miocene, higher in the mid-Miocene to Recent, and
with distinct peaks in between 15-13 Ma and near
the Miocene-Pliocene boundary. These two differ-
ing faunal change characteristics are compared in
Figure 4D, which is the percent net change of the
faunal data. This statistic, being a difference value
and thus inherently more noisy than other mea-
surements, nonetheless shows broadly positive net
rates of change for the early Miocene and late
Pliocene-Recent, with substantial net negative
rates of change between 15-13 Ma and the near
Miocene-Pliocene boundary.

Longevity Distributions

Given that the time intervals studied by the
authors are similar to the average taxon longevity,
truncation of ranges—and thus truncated longevi-
ties—are a major problem. Analyzing only non-
truncated taxa is not in itself an adequate solution
to this problem, as it preferentially excludes long
ranging taxa. Including truncated ranges avoids
this problem, although of course it adds artificially
shortened ranges as well. Thus, the analysis was
done for both truncated and non-truncated taxon
ranges. The distribution of taxon longevities is
given in Figure 5A-G and Tables 1-3, beginning
with data from Lazarus (1992), the data set least
affected by truncation problems. Non-truncated
taxon longevities in this data set (Fig. 5A) show a
noticeably non-Gaussian distribution, with both

skew towards short longevities (mode at 2-4 m.y.)
and a suggestion of bimodality with a gap at 10-12
m.y. This latter gap, however, is based on too few
data to be convincing in itself. When truncated
taxon ranges are included (Fig. 5B), the general
pattern largely remains. The distribution is still non-
Gaussian, with a clearly bimodal distribution of
long ranging taxa (mode 14-16 m.y.), short ranging
taxa (the mode at 6-8 m.y. now shifted towards
larger values), and a distribution minimum at 10-12
m.y.

The data of Abelmann (1992a), covering only
the older Miocene, also shows these patterns,
although the numerous truncations in her data set,
due to the lack of specific taxon data from some of
her study sites, makes the analysis less robust. For
her non-truncated ranges, the distribution of lon-
gevities (Fig. 5C) is similar to that for Lazarus with
truncated ranges included, although the total num-
ber of taxa is very limited, and no longer ranging
species were observed. When truncated range
data are included (Fig. 5D) the longevity distribu-
tion matches that of Lazarus, although, due to the
limited total time of her study interval, long-ranging
species in the second distributional mode (>10-12
m.y.) are all recorded in a single—and thus artifi-
cially high-valued—bin at 12-14 m.y.

Too few non-truncated species ranges were
available in Caulet’s (1991) data set to make a dis-
tributional analysis of non-truncated taxa ranges
worthwhile. Given the very short time interval stud-
ied and the apparent presence of significant num-
bers of much longer-ranging species, Caulet’s data

15
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sity. Data from Caulet in green, from Lazarus in blue, from Abelmann in red. A - total turnover, B - first occurrences, C

- last occurrences, D - net change in diversity.
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Figure 5. Histograms of species longevities. Horizontal scales (longevity in m.y.) are the same for all plots, vertical
scales are the same for data for one author. A - Lazarus, complete ranges only. B - Lazarus, with truncated ranges. C
- Abelmann, complete ranges only. D - Abelmann, with truncated ranges. E - Caulet, including truncated range tops
and extended range bases determined from Lazarus’ data. F - Lazarus, species originating after 13 Ma (includes trun-
cated ranges). G - Lazarus, species originating before 13 Ma (includes truncated ranges).

on truncated species ranges was supplemented by
locating in Lazarus’ data the FO for as many of his
taxa as possible that range below the base of his
study interval. Given the taxonomic differences
between the authors, this approach (as noted in
the introduction) is risky, and only a few taxa could
be matched with some degree of confidence in the
uniformity of taxonomic concept. The result is
shown in Figure 5E, which very closely resembles
that of Lazarus’ (1992) for untruncated ranges.

Lastly, longevity distributions were summa-
rized for taxa originating in two different time inter-
vals within Lazarus’ data (including truncated
range taxa): prior to, and after, 13 Ma. Figure 5F
shows the data for species originating prior to 13
Ma. Here the distribution is very bimodal, and, bar-
ring the absence of an upper value limit effect, is
very similar to the pattern seen in Abelmann’s data.
The longevity distribution for species originating
after 13 Ma is given in Figure 5G. Here there is no
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Table 5. Number of species and calculated average lon-
gevity values for species in the Lazarus data set.

Complet: With
plete truncated
ranges only
ranges
N Ave., N Ave. my
my
Neogene, all species 41 4.8 68 6.5
>13 Ma, all species 17 6.34 38 8.2
<13 Ma, all species 24  3.65 29 4.2
Neogene, Nassellaria 27 4.8 42 5.8
Neogene, Spumellaria 14 4.8 25 7.6

>13 Ma, Nassellaria 12 5.95 22 6.92
<13 Ma, Nassellaria 15 3.79 20 455
>13 Ma, Spumellaria 5 7.28 16 9.89
<13 Ma, Spumellaria 9 3.42 9 3.42

indication of bimodality, and the distribution is
skewed towards short-ranging taxa (mode at 2-4

m.y.)
Taxonomic Group Effects

Radiolarians are a diverse group of organisms
with a wide range of ecologic preferences and pre-
ferred habitats, which is presumed to be reflected
in their taxonomic structure. Basic data on the lon-
gevity of taxa are given for different time intervals
in Table 5, where the longevities (drawn from the
Lazarus data set) are presented not only for radi-
olarians as a whole, but also for each of the two
major taxonomic subgroups within them—the Nas-
sellaria and Spumellaria. Although at first glance
there seems to be no major difference between
these two groups (average longevity for both Nas-
sellaria and Spumellaria over the entire Neogene
interval studied is 4.8 m.y. for those taxa whose
ranges are not truncated), more detailed compari-
sons reveal substantial differences in the longevity
characteristics for the two groups. Spumellarians
tend to be longer lived than nassellarians in the
older part of the study interval (mean longevities of
7.28 vs. 5.95 m.y., untruncated ranges only), and
are relatively more important as a fraction of the
total diversity (42% of the taxa in >13 Ma sedi-
ments, vs. only 31% in <13 Ma sediments). There
is also a clear difference between older and
younger intervals which affects both nassellarians
and spumellarians - younger taxa in both groups
are shorter ranging than they are in the same taxo-
nomic group in older intervals (3.79 vs. 5.95 for
Nassellaria, 3.42 vs. 7.28 for Spumellaria). In fact,
in <13 Ma sediments the average longevity of the

two groups is very similar, or possibly even
reversed, with nassellarians being (albeit only
slightly) more long lived than spumellarians (3.79
vs. 3.42 m.y.).

DISCUSSION

Coherence Between Data Sets and
Validity of Patterns

The observed decline of diversity near the
beginning and end of each author’s study interval
is, of course, to be expected, given the way the
data were collected. As the beginning and the end
of the study interval was reached, fewer taxa char-
acteristic of the core of the study interval are found.
An increasing proportion of the taxa present do not
belong to the list of taxa used by the author and are
thus not recorded. When interpreting data of this
sort it is therefore necessary to distinguish the bias
towards lower diversity of this ‘edge’ effect and
place most reliance on the data from within the
main study interval of each author. However, in
those intervals where data of different authors
overlap, shorter-term trends may still be of interest.
In particular, they can be compared between data
sets to check the consistency of patterns as seen
by different authors, and thus provide an indication
as to how accurately the data reflect a primary bio-
logic signal instead of only artifacts in recording of
data. The intervals in which the data of different
authors overlap (early Pliocene, late early/early
mid-Miocene, Fig. 3) show a high degree of similar-
ity to each other.

Data from different authors also show a high
degree of coherence in most other estimates of
evolutionary change. Although there are some dif-
ferences in absolute values, first and last occur-
rence patterns and total turnover (Fig. 4), as well
as average longevity values for taxa (Table 5) from
different time intervals, all show similar results.
Most remarkably, even the bimodal distribution of
taxon longevities is seen in both Lazarus’ and
Abelmann’s data sets (Fig. 5).

These similarities strongly suggest that the
patterns shown in Figures 3 to 5 are not just arti-
facts of different authors’ observational methods,
but instead reflect primary patterns of the actual
fossil record. Given the well-preserved nature of
the faunas and the lack of obvious bias in the
choice of taxa studied, it seems reasonable to
believe that the patterns observed also reflect orig-
inal patterns of faunal change in the living faunas.
It is therefore valid to compare the patterns of fau-
nal change to those of environmental change to
answer the question posed at the beginning of this
article: are faunal changes in these planktonic
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organisms strongly correlated to those of environ-
mental change?

Correlation Between Evolutionary and
Paleoenvironmental Change

Figure 6 summarizes Kerguelen Plateau Neo-
gene environmental data. Although there are gaps
in these records due both to hiatuses in the sec-
tions and occasional lack of sufficient foraminifera
for isotopic analysis (particularly in the late Neo-
gene), clear patterns are nonetheless apparent.
Prior to 15 Ma, oxygen isotopes were fairly stable
and percent sedimentary carbonate values were
uniform and high. Carbon isotope values were
increasing, and planktonic values tended to be
heavier than benthic ones. The period between 15
and 13 Ma was one of major change, with short-
term, large-amplitude fluctuations appearing in
both isotope and carbonate records. Oxygen iso-
topes shifted towards heavier values, carbon iso-
topes became more negative, and the offset
between benthic and planktonic values decreased.
This new regime persisted to approximately 6.5
Ma, at which point there was a dramatic drop in
carbonate values. There was also renewed change
in both oxygen and carbon isotopes, with both indi-
cators shifting again in the same direction as in the
prior shift at 15-13 Ma. These changes reflect the
well-known Neogene history of the Southern
Ocean, which is dominated by two major events,
each of which shifted the system into a new state
(Kennett 1982). The changes between 15 and 13
Ma reflect the mid-Miocene increase of glaciation
on the Antarctic continent, together with cooling of
both surface and deep waters in the Southern
Ocean, and an increase in biologic productivity
(Flower and Kennett 1993, 1994). The ca. 6.5-4.5
Ma shift reflects further increases in Southern
Ocean productivity, a shift towards diatom-domi-
nated primary production, and is associated with a
(poorly understood) interval of major glaciation of
the Antarctic continent near the Miocene -Pliocene
boundary (Van Couvering et al. 1976; Kennett
1982).

Selected evolutionary metrics and environ-
mental records are compared to each other in Fig-
ure 7. A clear correlation can be seen between the
evolutionary (Fig. 7A-C) and environmental (Fig.
7D-F) data. The overall trends in diversity (Fig. 7C)
are correlated to the carbon isotope records (Fig.
7D), particularly that of the planktonic foraminifera,
while there is a good general match between levels
of turnover (primarily via stepwise increases in last
occurrences, Fig. 7B) and the three major phases
of Southern Ocean development that are delin-
eated by the two major intervals of rapid environ-

mental change at 15-13 Ma and near the Miocene-
Pliocene boundary. Faunal diversity thus appears
to be inversely correlated to productivity, as indi-
cated by stable carbon isotope values, and by the
increase in biogenic silica in sediments (indicated
by the decrease in carbonate content in Fig. 7E).
This correspondence is reinforced when other esti-
mates of regional productivity are considered. Sed-
imentation rates in Antarctic Neogene pelagic
sections for example tend to reflect water-column
productivity, particularly in those later Neogene bio-
siliceous sections where carbonate is nearly
absent, and thus changes in carbonate dissolution
are not important. Although no comprehensive syn-
thesis of regional data is available, sedimentation
rates in the Antarctic Neogene have tended to
increase from fairly low values in the early
Miocene, to moderately high values in many sec-
tions in the late Miocene, reaching a peak in the
early Pliocene before declining into the Ilater
Pliocene and Pleistocene (Brewster 1980; Ger-
sonde et al. 1990; Froelich et al. 1991; Barron et al.
1991; Harwood et al. 1992). This pattern, in inverse
form, is also reflected in the biodiversity curve (Fig.
7C).

There is no evidence for a pattern of near uni-
form, continuous change as predicted by models of
evolution driven primarily by biotic interactions
(Stenseth and Maynard-Smith 1984; Hoffman and
Kitchell 1984). Rates of evolutionary change vary
dramatically and are clearly linked temporally to
changes in the environment. Environmental
change, directly or indirectly, thus appears to play a
major role in the evolution of Southern Ocean Neo-
gene radiolarian faunas, with the primary timing
and general magnitude of evolutionary change
being driven by external environmental forces.
These results may also be relevant to understand-
ing factors driving the evolution of Antarctic biotas
in general. As noted by Clarke (1990), temperature
change and cold absolute values for temperature,
do not by themselves seem to be sufficient expla-
nations for extinctions of taxa in the historical
development of Antarctic faunas. It may be instead
that for much of the Antarctic biota, and not just for
radiolarians, extinction has been caused by
changes—primarily increases—in oceanic produc-
tivity, which according to Hallock’s (1987) model,
decreased the range of habitats in the ‘trophic
resource continuum’, and thus led to the loss of
biodiversity.

Changes in Evolutionary Rate Characteristics
with Time

One of the more interesting, and quite unex-
pected, results of this study are the patterns of lon-
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gevity data for species. All data show a similar
pattern of bimodal longevities, separated by the rel-
ative dearth of taxa with longevities in the range
10-12 m.y. The subpopulation of long-lived taxa
seems to be found primarily in species that origi-
nate in the older part of the study interval, below 13
Ma, while species of more recent origin are notably
shorter lived. One possible explanation for such a
bimodal pattern would be the existence of two dis-
tinct evolutionary sub-groups within the radiolarian
plankton, such as might hypothetically exist
between surface and deep-dwelling faunas. Radi-
olarians in many parts of the modern ocean include
both shallower dwelling forms and deeper-dwelling
species (Casey et al. 1979; Takahashi 1991;
Casey 1993). The Southern Ocean, however, is
different from lower latitude environments in that
modern radiolarian faunas are most abundant in
deeper waters (>150 m to 1,000 m or more) (Abel-
mann and Gowing 1996). In the early Neogene,
prior to the mid-Miocene climate shift, surface
waters in the Antarctic may have more closely
resembled those of modern cool-temperate
regions, with relatively more radiolarian taxa living
in the uppermost layers of the water column. The
observed bimodality in evolutionary rates in the
older Neogene data would thus reflect differences
in characteristic evolutionary rates between these
two depth environments. Depth-related differences
in evolutionary rates are also known from lower lat-
itude planktonic foraminifera (Stanley et al. 1988),
where deeper dwelling forms were found to have
shorter mean longevities than the shallower taxa,
possibly due to the lower abundances (population
sizes) of deeper dwelling taxa. Extending this idea
to the current study would suggest that the longer
lived mode seen in the older Neogene radiolarian
longevity data reflect near-surface dwelling forms.
With the loss of this near-surface water environ-
ment in the mid-Miocene, later Neogene radiolar-
ian faunas became primarily deeper dwellers. The
longevity data reflect this shift in that only shorter
lived forms are seen in the late Neogene longevity
histograms. Some support for this interpretation
also comes from the changes in taxonomic abun-
dance between Nassellaria and Spumellaria (see
below).

The observed pattern, however, can also be
explained in at least two other ways. First, the
bimodality must—at least partly—reflect the time-
windowed nature of these data, plus the substan-
tial extinction that occurred between 15 and 13 Ma.
Many of the taxa lost at the mid-Miocene event
exhibit truncated ranges at the base of the study
and thus are constrained to have longevities <10
m.y. The distribution of the survivors’ longevities

suggests that many that do survive then continue
to near the second, Miocene-Pliocene boundary,
extinction event, before becoming extinct, thus cre-
ating a second mode of long-lived taxa. However,
the same type of explanation cannot be used to
describe the longevity pattern of taxa originating
after 13 Ma, as they show a significantly different
distribution of longevities, with no evidence of a
large number of long-lived taxa that go through the
end-Miocene event and continue into the Recent.
The post mid-Miocene fauna therefore consists of
(on average) significantly shorter ranging species,
implying an increase in evolutionary rates in the
region during the Neogene interval studied.

A second possible alternate explanation is
that not all Southern Ocean taxa are in fact
endemic, and in particular, significant numbers of
the post-Miocene taxa appear to be bipolar, with
records of occurrence as well in the Norwegian-
Greenland Seas (Bjgrklund 1976). Some of the
turnover, particularly in the late Neogene, may thus
represent immigration of taxa. This is still of inter-
est but represents a different biological process for
diversity regulation than in situ evolution (see also
discussion in Hoffman and Kitchell 1984).

It should also be noted that both the overall
rates of change (up to more than 50% species
turnover/m.y.) and the average longevity of species
(4.8 m.y.) are comparable to, or exceed, rates that
have been previously reported for marine
microplankton groups (ca. 7-16 m.y. for cladoge-
netically delimited lineages of planktonic foramin-
ifera (Stanley et al. 1988); 5.6 and 9.5 m.y. mean
longevity for Cretaceous to Recent keeled and
non-keeled species of planktonic foraminifera
(including both cladogenetic and anagenetic evolu-
tion, Norris 1991), and ca. 5-10 m.y. for species of
planktonic foraminifera, coccolithophores and radi-
olarians, based on the survival decay curves given
in Hoffman and Kitchell (1984).

Biological Causes

Although external environmental change
appears to be the primary factor driving evolution
of Antarctic Neogene radiolarian faunas, biology
does seem to play an important role. This is sug-
gested by two aspects of the results. First, diversity
and evolutionary turnover metrics appear to corre-
late more closely to productivity (carbon isotopes,
sedimentation rates), and the composition of the
primary producer flora (carbonate/biogenic silica
ratio), than to temperature itself (oxygen isotopes).
This result is similar to those from the study of the
warm water Cenozoic planktonic foraminifera, (e.
g., Corfield and Shackleton 1988; Lipps 1986; see
also discussion in Norris 1991) and Tethyan Meso-
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zoic radiolaria (Erbacher et al. 1996; Danelian and
Johnson 2001), and lends general support to Hal-
lock’s (1987) trophic model of biodiversity regula-
tion. Second, the shift from a lower productivity,
carbonate phytoplankton ocean to a higher produc-
tivity, biogenic silica phytoplankton ocean is
accompanied by a shift in the ecological nature of
the radiolarian fauna (Table 5). Spumellarians are
more common in the older Neogene but are less
common in the later Neogene. Spumellarians are,
as a group, more likely to host symbiotic algae and
to live in near-surface waters than are Nassellaria,
which tend to be deeper dwelling, non-symbiotic
forms (Casey et al. 1979; Takahashi 1991; Ander-
son 1980, 1993; Abelmann 1992b). The shift from
spumellarian dominated to nassellarian dominated
faunas suggests a shift from faunas more adapted
to lower productivity, silica-rich surface waters, to
faunas living in deeper waters, below a relatively
silica poor surface water layer dominated by highly
productive, silica depleting diatoms. Diatoms are
known to be particularly efficient in removing avail-
able biogenic silica in surface waters, and thus are
thought to have a potential negative effect on radi-
olarian growth (Anderson 1980; Takahashi 1991).
On a much broader scale, Harper and Knoll (1975)
suggested that the Cenozoic evolution of both dia-
toms and radiolaria has been influenced by compe-
tition for silica. However, it should be noted that in
the modern Southern Ocean, biogenic silica is not
a limiting nutrient - light and water column stability
play instead more important roles (Siegfried et al.
1985). Whether this condition was also true for ear-
lier intervals in the Neogene is not known.

Conclusions and Suggestions for
Future Research

Antarctic Neogene radiolarian faunal occur-
rence data drawn from several recent ODP studies
have been used to reconstruct the diversity and
evolutionary turnover history of this group, and to
compare the patterns to that of environmental
change. A clear correlation exists between overall
radiolarian diversity and proxies for ocean produc-
tivity, such as stable carbon isotopes, regional sed-
imentation rates, and abundant biogenic silica in
sediments. Higher rates of inferred productivity
characterize the later Neogene and are associated
with lower radiolarian diversity, and an increased
dominance of Nassellarians, a predominantly
deeper dwelling group of radiolarians with fewer
photosymbiont taxa.

Overall rates of evolutionary turnover, and
particularly rates of extinction, are not uniform, but
are also closely linked to environmental change,
with shifts towards increased turnover and extinc-

tion rates being associated with the shifts in the
environment marked by the mid-Miocene and end
Miocene glacial events that affected the Antarctic
region.

The average longevity of species also has
been affected by environmental change, with post
mid-Miocene species having significantly shorter
stratigraphical ranges than older taxa. This seem-
ing acceleration of evolution is a phenomenon that
has not been reported, or at least much empha-
sized in previous studies of warmer water
microplankton. Norris (1991), for example, pre-
sents data suggesting that longevity distributions in
Cretaceous to Recent planktonic foraminifera have
remained largely unchanged for the last ca. 100
m.y.

These results together suggest that changes
in the environment, not internal biologic interac-
tions, primarily regulate overall rates of faunal
change in Antarctic Neogene radiolarians. This
largely confirms prior results from study of lower
latitude faunas of planktonic foraminifera and radi-
olaria, although changing average longevity distri-
butions in Antarctic Neogene radiolarian faunas
suggest that important differences may exist as
well, and that the environmental history of polar
and low-latitude regions may differ in evolutionarily
significant ways. Lastly, biology, although not the
ultimate pacesetter of evolutionary change, none-
theless plays an important role in mediating
changes in the physical environment through
mixed physical-biologic mechanisms such as
change in marine productivity.

This study is a preliminary analysis, as the
available taxonomic, stratigraphic and biologic data
on these faunas are still very incomplete. Clearly,
more complete surveys of the faunas using exist-
ing taxonomy, as well as a more complete taxon-
omy, would be desirable. So would a better
knowledge of the ecology of the taxa studied, par-
ticularly the relationship between different taxa and
marine productivity, including the distribution of
symbionts among species. The relative importance
of in situ evolution vs. immigration from other cold
water regions also needs to be resolved. However,
despite these limitations, it appears that useful
evolutionary signals can be extracted even from
relatively incomplete data such as that recorded in
normal DSDP/ODP radiolarian biostratigraphic
range charts. Given that few studies of evolution
have been carried out with such data sets, despite
their abundance in the published literature, it is
hoped that additional studies may be possible
which will yield further insights into patterns and
processes of evolution in the pelagic realm.
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Figure 2 List.
Number Lazarus list Abelmann list Caulet list
1 Velicucullus sp. Gondwanaria deflandrei Cycladophora pliocenica
2 C. antiqua Prunopyle hayesi Desmospyris rhodospyroides
3 C. regipileus Gondwanaria japonica Eucyrtidium biconicum
4 C. golli group Collosphaerid sp. B Helotholus praevema
5 S. santaenae Spongodiscus craticulatus Lychnocanium grande
6 C. longithorax Corythospyris fiscella Prunopyle frakesi
7 L. conica Actinomma sp. B Stichocorys peregrina
8 Stylacontarium sp. Amphistylus angelinus Antarctissa cylindrica
9 C. microporus Actinomma medusa Antarctissa robusta
10 A. magnifenestra Heliodiscus ? sp. B Anthocyrtella callopisma
11 Sethoconus sp. Spongopyle osculosa Prunopyle tetrapila
12 C. tetrapera Carpocanarium papillosum Spongotrochus glacialis
13 H. philosophica ? Velicucullus cf. oddgurneri Eucyrtidium inflatum
14 D. hastatus Cenosphaera sp. A Saturnalis circularis
15 L. timmsi Actinomma holtedahli Stylatractus universus
16 E. cienkowski Ceratocyrtis stigi Triceraspyris coronata
17 A. angelinus Prunopyle sp. A Prunopyle titan
18 D. rhodospyroides Spongotrochus sp. Rhizosphaera antarctica
19 P. hayesi Prunopyle titan Lamprocyrtis heteroporos
20 T. coronata group Prunopyle sp. B Desmosypris spongiosa
21 E. punctatum Eucyrtidium cienkowskii group Phorticum clevei
22 D. crisae Stylosphaera radiosa Pseudocubus vema
23 S. circularis Cyrtocapsella robusta Botyropera triloba
24 E. calvertense Stylosphaera sp. B Acanthodesmia viniculata
25 C. disparidens Lamprocyclas sp. Gondwanaria dogieli
26 S. bicorne ? Ceratocyrtis mashae Cycladophora davisiana
27 T. clausa Stylosphaera coronata laevis Actinomma popofskii
28 C. japonica Velicucullus altus Antarctissa denticulata
29 C.magnisphaera Lithomelissa robusta Pterocanium trilobum
30 Rhopalastrum spp. Lychnocanoma conica Antarctissa strelkovi
31 Didymocyrtis/Diartus spp. Cycladophora sp. Eucyrtidium teuscheri teuscheri
32 A. deflandrei Stylatractus santaeannae Lithelius nautiloides
33 C. humerus Siphocampe sp. Saccospyris antarctica
34 D. megalocephalis Stylosphaera sp. C Saccospyris conithorax
35 A. golowini Cycladophora antiqua Triceraspyris antarctica
36 Lampromitra sp. Cycladophora conica Cycladophora bicornis
37 S. glacialis Cycladophora golli regipileus Prunopyle antarctica
38 S. universus Cycladophora golli golli Dictyophimus mawsoni
39 P. korotnevi Cyrtocapsella tetrapera Mitrocalpis araneafera
40 A. murrayana Dendrospyris stabilis Plectacantha sp.
41 C. spongothorax Lithomelissa cf. ehrenbergi Litharachnium tentoriu
42 E. pseudoinflatum Circodiscus ellipticus
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Figure 2 List (continued).

Number Lazarus list Abelmann list Caulet list
43 S. transparum Cyrtocapsella longithorax
44 C. bicornis Hexacontium cf. enthacanthum
45 S. vesuvius Druppatractus hastatus
46 A.australis Prunopyle sp. D
47 L. stigi Siphocampe arachnea group
48 L. grande Stylatractus neptunus
49 P. titan Antarctissa robusta
50 S. peregrina Acrosphaera spp.

51 D. cf. megalocephalis Peripyramis circumtexta
52 C. pliocenica Tripilidium clavipes
53 Helotholus haysi Calocyclas cf. semipolita
54 A. strelkovi Eucyrtidium calvertense group
55 A. ? mercurius Stauroxiphos communis
56 Anthocyrtidium sp. Gondwanaria sp. A
57 A. denticulata Dictyophimus gracilipes
58 A. labrata Dendrospyris rhodospyroides
59 L.timmsi ? Cyrtocapsella japonica
60 L. aegles Saccospyris antarctica
61 A.challengerae Prunopyle tetrapila
62 A. cylindrica Heliodiscus sp. A
63 H. vema Actinomma sp. A
64 D. spongiosa Trissocylid sp. A
65 P. c. trilobum Corythomelissa horrida
66 T. antarctica Stylosphaera sp. A
67 C. davisiana Stichophormis sp.
68 Eucyrtidium punctatum
69 Lychnocanoma sp. B
70 Pterocanium sp.
71 Lamprocyrtis ? cf. hannai
72 Eucyrtidium sp. A
73 Cycladophora humerus
74 Dendrospyris

megalocephalis
75 Antarctissa deflandrei
76 Actinomma golownini
77 Spongomelissa dilli
78 Lithocarpium polycantha
79 Stylodictya validispina
80 Cornutella clathrata
81 Cycladophora

spongothorax
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6 0.007 0.45 747A-1H-1,45-47 C-A G R A F C 747A-1H-1,45-47

7 0.174 1.95 747A-1H-2, 45-47 C G F C C R C F 747A-1H-2, 45-47

8 0.34| 3.45 |747A-1H-3,45-47 A M-G F F A R ?R F 747A-1H-3,45-47

9 0.357 0.98 751A-1H-1,98-102 A G C + A A C F-C 751A-1H-1,98-102
10 0.487 0.10 748B-1H,CC A G R-F - A F - + F 748B-1H,CC
11 0.507 4.95 747A-1H-4, 45-47 A G A A R C C 747A-1H-4, 45-47
12 0.55| 150 |751A-1-1'BOTTOM' A G C A F R R 751A-1-1,BOTTOM'
13 0.655 0.55 748B-2H-1,45-47 A G F F A F-C A C 748B-2H-1,45-47
14 0.673 6.45 747A-1H-5,45-47 A M-G F F-C A R F R-F 747A-1H-5,45-47
15 0.84| 7.95 |747A-1H-6,45-47 A G C A A i F + 747A-1H-6, 45-47
16 0.956 9.00 747A-1H, CC C G R R A F R R 747A-1H, CC
17 1.006 9.45 747A-2H-1,45-47 A G R-F R-F A C C F R-F R 747A-2H-1,45-47
18 1.037| 3.53 [744A-1H-3,53-55 A G C + C + A A C-A F C C-A + + 744A-1H-3,53-55
19 1.173| 10.95 |[747A-2H-2, 45-47 A G R-F R A A C F R C 747A-2H-2, 45-47
20 1.195| 4.73 |744A-2H-1,53-55 A G C R F R VA C C-A C 744A-2H-1,53-55
21 1.213 2.05 748B-2H-2,45-47 A M-G A R C A A C 748B-2H-2,45-47
22 1.34| 1245 |747A-2H-3,45-47 A G F + R A A C R F 747A-2H-3,45-47
23 1.393| 6.23 [744A-2H-2,53-55 A G C R C A A + R 744A-2H-2,53-55
24 1.456| 1395 |747A-2H-4, 45-47 A G F R A C F-C + 747A-2H-4, 45-47
25 1.591| 7.73 |[744A-2H-3,53-55 A G C A F A 744A-2H-3,53-55
26 1.673| 15.45 |747A-2H-5.45-47 A G R R-F + A A A R R-F R 747A-2H-5,45-47
27 1.739 2.56 751A-1H-2,106-110 A G F-C + A C F-C i F-C 751A-1H-2,106-110
28 1.789| 9.23 |744A-2H-4,53-55 A G C + C C VA 744A-2H-4,53-55
29 1.789| 345 |[751A-1H-3.45-50 A G C A A C 751A-1H-3,45-50
30 1.839| 16.95 |747A-2H-6,45-47 A G R + R A C A F F + 747A-2H-6, 45-47
31 1.915 5.68 751A-2H-1,98-102 A G C o] C ] + 751A-2H-1,98-102
32 2 7.18 751A-2H-2,98-102 A G R-F F F A C ] F 751A-2H-2,98-102
33 2.006| 18.45 |747A-2H-7,45-47 A G + R + A C A 2+ A R + + 747A-2H-7,45-47
34 2.011| 1850 |747A-2H,CC A G R C F C 747A-2H, CC
35 2.061| 18.95 |747A-3H-1.45-47 A G F A C C F 747A-3H-1,45-47
36 2.228| 20.45 |747A-3H-2, 45-47 A G F C C F-C E E + R R R-F 747A-3H-2, 45-47
37 2.448| 14.23 |744A-3H-1,53-55 C-A G F + + + A F A F R F F R R 744A-3H-1,53-55
38 2.631 3.10 748B-2H-3, TOP' A G R A F-C C F-C F C R-F R-F C F-C F-C C F 748B-2H-3, TOP'
39 2.718| 15.73 |744A-3H-2,53-55 A M-G A A C F F F 744A-3H-2,53-55
40 2.801 4.60 748B-2H-3,.BOTTOM C G C C F R F-C E-C 748B-2H-3,BOTTOM
41 3.022 6.55 748B-2H-5,45-47 A G C-A A F R C C + 748B-2H-5,45-47
42 3.192 8.05 748B-2H-6,45-47 A G R A A R F R F F-C F - + 748B-2H-6,45-47
43 3.368| 9.60 |748B-2H,CC A G R A F F C C F C R R + R + R-F 748B-2H,CC
44 3.486 8.68 751A-2H-3,98-102 C-A G + C A C C R-F F-C C R 751A-2H-3,98-102
45 3.555| 14.20 |751A-2H.CC C-A G - A F C F F F F 751A-2H,CC
46 3.698| 21.95 |747A-3H-3,45-47 A G R F A A C F A F-C R 747A-3H-3,45-47
47 3.753| 2345 |747A-3H-4,45-47 A G R-F + A C F C C C R-F 747A-3H-4, 45-47
48 3.806| 15.18 |751A-3H-1,98-102 C-A G + A F F ] F F [} 751A-3H-1,98-102
49 3.807| 24.95 |747A-3H-545-47 A G R R + C C C C C C C F R R 747A-3H-5,45-47
50 3.861| 26.45 |747A-3H-6,45-47 A G + A F F C-A F C-A F C-A | CA| RF C R R F-C 747A-3H-6, 45-47
51 3.879| 16.68 |751A-3H-2,98-102 A G + A A A F R F F C - R-F + 751A-3H-2,98-102
52 3.953| 18.18 |751A-3H-3,98-102 C G + F-C F A R-F R R-F | C-A A R C 751A-3H-3,98-102
53 4.027| 19.68 |751A-3H-4,98-102 A G A R-F F C R R C C + C 751A-3H-4,98-102
54 4.1| 2118 |751A-3H-5,98-102 C G A R-F A F R R-F E-C C R + F 751A-3H-5,98-102
55 4.142| 23.70 |751A-3H,CC A G F A F C-A F F F F C R 751A-3H,CC
56 4.346| 26.18 |[751A-4H-2,98-102 ] G A A R R ] C F 751A-4H-2,98-102
57 4.419| 27.68 |751A-4H-3,98-102 A M A C C + R F C F + 751A-4H-3,98-102
58 4.467| 28.00 |747A-3H,CC A G + C [} C R F C + c R 747A-3H, CC
59 4.493| 29.18 |751A-4H-4,98-102 A G A F-C + C R F C F-C i + + i R-F 751A-4H-4,98-102
60 4.512| 150.53 |745B-18-2,53-55 R C A F F R F F C F + 745B-18-2,53-55
61 4.567| 30.68 |[751A-4H-5,98-102 C-A G R + F VA R F + + ?R-F + + R-F + 751A-4H-5,98-102
62 4.597| 153.53 |745B-18-4,53-55 C-A VG R R-F C-A A C-A F C C-A C R 745B-18-4,53-55
63 4.64| 32.18 |751A-4H-6,98-102 A G R-F VA R R R R-F R F 751A-4H-6,98-102
64 4.649| 29.10 |747A-4H-1,110-112 A G C C F C 2+ R C C A +? R i 747A-4H-1,110-112
65 4.649| 2995 |[747A-4H-2, 45-47 A G R-F C C F C F-C F R + 747A-4H-2, 45-47
66 4.682| 156.53 | 745B-18-6,53-55 A G + + ?A c A c F ?F | ?R-F| C-A ?F + 745B-18-6,53-55
67 4.69| 33.20 |751A-4H.CC A G F A C F-C R F - R R F R F 751A-4H.CC
68 4.739| 34.18 |[751A-5H-1,98-102 C E + F A F-C + R R 2+ R + ?R-F R-F 751A-5H-1,98-102
69 4.78| 159.96 |745B-19-2,46-48 C G R ?A C ?A C R-F C F + i + 745B-19-2,46-48
70 4.788| 35.19 |751A-5H-2,49-51 A G F F VA C F-C F F F R-F C + + R-F 751A-5H-2,49-51
71 4.858| 164.46 |745B-19-5,46-48 C M-G F-C A F-C F R R R F-C ?F 745B-19-5,46-48
72 4.872| 165.96 | 745B-19-6,46-48 A G C A ?F C F-C 7R C-A F F + + F 745B-19-6,46-48
73 4.903| 169.53 | 745B-20-2,53-55 C-A G F-C R C A C-A F-C + c 7R + A + F + R R 745B-20-2,53-55
74 4.93| 175.53 | 745B-20-6.53-55 A G C R C A C F R C R A R R R 745B-20-6,53-55
75 4.957| 182.03 [745B-21-4,53-55 A G C [} A F C R 2C R C-A R F R + ?2C ?C-A + + R 745B-21-4,53-55
76 5.967| 188.53 |745B-22-2,53-55 F G C + R C-A F R 745B-22-2,53-55
77 6.018| 191.53 |745B-22-4,53-55 A G F A F C R F C + R-F F-C + 745B-22-4,53-55
78 6.07| 19453 |[745B-22-6,53-55 F-C G + R-F A C C + F F 745B-22-6,53-55
79 6.079| 32.10 |747A-4H-3,110-112 F-C M + R + F F-C F-C F C 2+ R + 747A-4H-3,110-112
80 6.13| 198.03 |745B-23-2,53-55 C G R + A F-C c A C F + + 745B-23-2,53-55
81 6.141| 32.95 |747A-4H-4, 45-47 F P F R-F R F R C = C-A + R 747A-4H-4, 45-47
82 6.189| 33.60 |747A-4H-4,110-112 F M + R + C C A + 2+ + + + + 747A-4H-4,110-112
83| 6.233[ 20403 |7458-23-6,53-55 F G A R N i + c 2 R R i i + R 745B-23-6,53-55
84 6.251| 34.45 |747A-4H-5.45-47 C-A P-M F R E + E F F A R 2+ - E = + + 747A-4H-5,45-47
85 6.273| 36.69 |751A-5H-3,49-51 C-A VG C A A R-F C R F R-F R + + R F F + 751A-5H-3,49-51
86 6.293| 207.53 |745B-24-2,53-55 C G R A R C F + F R F + F 745B-24-2,53-55
87 6.306| 37.18 |751A-5H-3,98-102 A G + R-F F-C A R F-C F R-F F F + R + R-F + R-F + C + 751A-5H-3,98-102
88 6.361| 35.95 |747A-4H-6,45-47 C P-M R R R C A R R R F R F + R-F F-C + 747A-4H-6, 45-47
89 6.373| 38.18 |752A-5H-4,48-50 A VG-E + C C-A C-A C-A R-F F R A F + F F F 752A-5H-4,48-50
90 6.406| 38.68 |751A-5H-4,98-102 A + A A F F R C F F + + F i + 751A-5H-4,98-102
91 6.408| 36.60 [747A-4H-6,110-112 F-C P R ?R F-C R R R C + + E R R R F R-F R-F + 747A-4H-6,110-112
92 6.44| 165.33 | 746A-4-1,53-55 A G + R + A C + F R F R + R R-F + C + R + R + 746A-4-1,53-55
93 6.506| 166.83 | 746A-4-2,53-55 C-A M-G F A F + R F R F R 7R C R 746A-4-2,53-55
94 6.506| 40.18 |751A-5H-5,98-102 A G C A F R R-F + C R R-F C R R-F R F 751A-5H-5,98-102
g5 6.571| 168.33 |746A-4-3,53-55 C-A M-G + F F A R F F R R R C-A R F 746A-4-3,53-55
96 6.573| 41.18 |751A-5H-6,48-50 A G C R A A C F C R ?2C + [} C F R + F 751A-5H-6,48-50
97 6.594| 42.70 |751A-5H.CC A G C F-C C-A A R-F C R R F-C C R F-C R-F F-C i R C C R-F 751A-5H,CC
98 6.636| 169.83 |746A-4-4,53-55 A G + F + A C R R C R F R F R + F-C C + R + 746A-4-4,53-55
99 6.702| 171.33 |746A-4-5,53-55 C G + R-F + F A R-F C R F-C R F R C R R R F R-F 746A-4-5,53-55
100 6.767| 172.83 |746A-4-6,53-55 C VG A C + F C-A + F C-A R + R-F + 746A-4-6,53-55
101] 6.854| 174.83 |746A-5-1,53-55 A VG R C A F F C R-F F R F-C F ?R-F R R 746A-5-1,53-55
102 6.985| 177.83 |746A-5-3,53-55 C M ?2C A + R-F R R-F R-F A + R + C 2+ C R R R + 746A-5-3,53-55
103 7.01| 213.53 |745B-24-6,53-55 C-A G A R + F o] R-F R o] R + + F-C 745B-24-6,53-55
104 7.05| 179.33 | 746A-5-4,53-55 F M? C C F F F F R ] R F + 746A-5-4,53-55
105 7.115| 180.83 |746A-5-5.53-55 A G C-A R-F A A F + C R C R-F A + F C F-C R R + 746A-5-5,53-55
106 7.18| 182.33 | 746A-5-6,53-55 C M-G C [} R F F + F C + ?F R R F F F R + + + 746A-5-6,53-55
107 7.329| 18583 |746A-6-2,53-55 A G + R ?2C C-A c + R-F C R A + + i R R + R-F R C + F 746A-6-2,53-55
108| 7.394| 187.33 |746A-6-3,53-55 A G F + C-A C R-F R F F F C + R F i F R R R R C R-F 746A-6-3,53-55
109 7.458| 188.83 | 746A-6-4,53-55 F-C G ?C F R + F C-A + F-C + F-C R-F + R R-F 746A-6-4,53-55
110 7.585| 191.83 |746A-6-6,53-55 C M ?A C R R F F R R R-F R R + C R R + + R R-F 746A-6-6,53-55
111) 7.643| 192.96 |746A-6-7,53-55 C-A M-G C R C A F R F R R R R R + R i ?R + R + R + + R F F i 746A-6-7,53-55
112 7.72| 195.33 |746A-7-2,53-55 A G R-F A A C F F + R F C R R R R F R-F + R-F + 746A-7-2,53-55
113 7.835| 198.33 | 746A-7-4,53-55 C-A M-G ?R-F C C F F R + A + R + R F C-A R R + R F R + 746A-7-4,53-55
114 7.95| 201.33 |746A-7-6,53-55 A G + ?2A F + F R + C + R-F + + R F C R F F 746A-7-6,53-55
115 8.027| 203.33 |746A-8-1,53-55 C-A G + ?A R-F ?F-C R C + R R + R R F R F R 746A-8-1,53-55
116 8.122| 206.33 | 746A-8-3,53-55 C G + ?A F-C R R F F R-F F F R + + R C + 746A-8-3,53-55
117 8.197| 209.10 |746A-8-CC,20-22 C-A M-G + + ?A F R R C R R + [} C + F + + 746A-8-CC,20-22
118 8.36| 215.78 |746A-9-5.48-50 A G R ?A F + R + R R R R A C R-F R-F C R-F R 746A-9-5,48-50
119 8.424| 218.33 |746A-10-1,53-55 C G ?A C R 7R + C F 2+ A C-A R F R 746A-10-1,53-55
120 8.499| 221.33 | 746A-10-3,53-55 R G F-C + A + C-A R A + + 746A-10-3,53-55
121) 8.575| 224.33 |746A-10-5,53-55 C G A R-F R C F C C F C-A F i R R R-F + + + 746A-10-5,53-55
122 8.663| 227.83 |746A-11-1,53-55 A G + A C R R F + + R R-F C C C A ?F-C F R 746A-11-1,53-55
123 8.738| 230.83 | 746A-11-3,53-55 C-A G R © R F-C + + R-F R-F R-F C-A + A F R R-F + + + 746A-11-3,53-55
124] 8.825| 37.50 |747A-4H,CC A G R R R-F R C i R C C F F R-F 747A-4H, CC
125| 8.999| 10.05 |748B-3H-1,45-47 A M R F A F F R C R C F F-C R R R R-F R F R + 748B-3H-1,45-47
126 9.036]| 232.33 |746A-11-4,53-55 C M R + ?A + + + R R + F C-A R C ?A R R i R R 746A-11-4,53-55
127 9.088| 1155 |748B-3H-2,45-47 C G R R F? R R R C F F-C R C C R C i 748B-3H-2,45-47
128] 9.113| 233.83 |746A-11-5,53-55 A G A F + R R & R + C Cc R C R-F R R-F + 746A-11-5,53-55
129 9.177| 13.05 |748B-3H-3.45-47 A G R R R ?F R-F C C + C A F-C ? R ?F R C R 748B-3H-3,45-47
130 9.182| 41.62 |747A-5H-3,112-114 A G R + R F R F-C F F R F-C F-C F-C F F F R-F C R F F + 747A-5H-3,112-114
131] 9.236| 43.23 |751A-6H-1,53-55 A G R R-F R + + R-F C c F C A + F C-A 2+ 751A-6H-1,53-55
132] 9.254| 42.45 |747A-5H-4, 45-47 C M-G R F R F F-C F F F-C F R R 747A-5H-4, 45-47
133 9.259| 43.68 |751A-6H-1,98-102 A G F + ?C-A + R F + + + [} C F C C-A F R C R 751A-6H-1,98-102
134] 9.312| 44.70 |751A-6H-2,50-52 C-A G + (] R F C F-C F-C F-C C-A A C F + R 751A-6H-2,50-52
135| 9.442| 43.12 |747A-5H-5,112-114 C M F + F F F F R + F C R-F F + R-F C 747A-5H-5,112-114
136 9.475| 45.45 |747A-5H-6,45-47 A M-G F + + F-C R-F R-F R C + C C F F-C R + R-F R C F R R R 747A-5H-6, 45-47
137 9.581| 45.18 |751A-6H-2,98-102 C G F C F F R C-A A ?R + 751A-6H-2,98-102
138| 9.625| 46.68 |751A-6H-3,98-102 F-C G R R R R-F C R C A F 2+ F 751A-6H-3,98-102
139| 9.648| 47.00 |747A-5H,CC F M F R-F R R F R-F R-F F R R R 747A-5H, CC
140 9.65| 244.23 |746A-13-2,53-55 A G + R-F R R R-F F R F-C R F ?A F F + 746A-13-2,53-55
141] 9.684| 49.20 |751A-6H-550-52 C G + R C F R + F-C C R + C C 751A-6H-5,50-52
142 9.719| 23.72 |744A-4H-1,52-54 A G R ?A E ?C + F F R EF-C R C F ?C ?A R C F 744A-4H-1,52-54
143| 9.737| 25.22 |744A-4H-2,59-61 A G R R R C C C R-F C C F C F-C | R-F (o] R + 744A-4H-2,59-61
144) 9.754| 26.72 | 744A-4H-3,52-54 C G F C F + + F-C F-C C F F-C A R R C 744A-4H-3,52-54
145 9.76| 52.20 |751A-6H.,CC C G C © + C F R C c R + R C 751A-6H,CC
146| 9.771| 28.23 |744A-4H-4,59-61 C-A G C R R R C C R-F C C C C C E-C R 744A-4H-4,59-61
147 9.796| 19.10 |748B-3H.CC C G F R F + R R R R-F R-F F-C R F F-C F R F-C R-F + + 748B-3H,.CC
148] 9.805| 247.23 |746A-13-4,53-55 A G R + F R F F F + i C R-F F C-A + + 746A-13-4,53-55
149] 9.808| 19.55 |748B-4H-1,45-47 C G F R C C + + F F C F R C + R-F 748B-4H-1,45-47
150 9.811| 54.20 |[751A-7H-2,50-52 C-A G C + R + F 7R C C F + F-C C A C F ?R + + F 751A-7H-2,50-52
151 9.829| 33.23 | 744A-5H-1,53-55 A M-G C + ?R F C R-F R-F C F-C C ?F C R 744A-5H-1,53-55
152] 9.863| 36.23 |744A-5H-3,53-55 A M-G R R + + R + R R C + - C R F-C R F R C F-C F 744A-5H-3,53-55
153| 9.879| 37.60 |744A-5H-4,36-38 A G R E-C F R F ?F-C = + E-C + o] c C R ?F C-A + R E 744A-5H-4,36-38
154] 9.926| 58.70 |751A-7H-5,50-52 C G F R F C-A F + F F F C A F-C C-A C 751A-7H-5,50-52
155| 10.002| 61.70 |751A-7H-7,50-52 C VG F + + + F + ] F + + F R F-C F-C F A F F-C 751A-7H-7,50-52
156| 10.002| 61.70 |[751A-7H,CC A G F RF| R-F R-F C R-F R-F + R F R R-F C F 751A-7H,CC
157] 10.065| 64.16 |751A-8H-2,98-102 C-A G F-C R-F F R C EF-C R-F R + F R-F R-F R R R + 751A-8H-2,98-102
158] 10.068| 252.33 | 746A-14-1,53-55 C G F-C R-F + F + F R F C F-C C C-A F-C F-C R 746A-14-1,53-55
159] 10.103| 65.68 |751A-8H-3,98-102 C G + C-A F-C R + C-A C-A C 751A-8H-3,98-102
160| 10.141| 67.18 |751A-8H-4,98-102 A G C C R-F EF-C R E-C F R - F R 751A-8H-4,98-102
161 10.18| 68.68 |751A-8H-5,98-102 F-C R-F + R C-A + - F + C-A R R R + F 751A-8H-5,98-102
162| 10.214| 71.20 |751A-8H,CC C-A G R R + R-F ] F F C ?R R R - R R 751A-8H,CC
163| 10.312| 48.95 |747A-6H-2, 45-47 C-A M C F R C C F-C R F C R R-F R + R 7ATA-6H-2, 45-47
164| 10.477| 50.45 |747A-6H-3,45-47 A M C R (C) C C R R F F F R i 747A-6H-3,45-47
165| 10.569| 262.03 | 746A-15-1,53-55 F-C M + + F + F R-F F R C-A F R R F F-C 746A-15-1,53-55
166 10.6| 72.18 |751A-9H-1,98-102 C G R F-C C C C C C-A F-C R R 751A-9H-1,98-102
167] 10.642| 51.95 |747A-6H-4, 45-47 C M F F F F F F C F F R + 747A-6H-4, 45-47
168| 10.679| 73.68 |751A-9H-2,98-102 C G C C C C C C R C R + R F 751A-9H-2,98-102
169| 10.759| 75.18 |751A-9H-3,98-102 C-A G F F ] F C C + R C R + + R 751A-9H-3,98-102
170] 10.838| 76.68 |751A-9H-4,98-102 C G C R-F C C F R C C 751A-9H-4,98-102
171) 10.918| 78.18 |751A-9H-5,98-102 A G F C F-C 2+ R F-C C-A R R R C-A + R 751A-9H-5,98-102
172] 10.971| 54.95 |747A-6H-6, 45-47 A G F F-C F-C R-F R F-C F F F R-F F Cc F-C + R 2C + 747A-6H-6, 45-47
173] 10.997| 79.18 |751A-9H-6,98-102 A G F R F-C R-F C C-A R F C + + R 751A-9H-6,98-102
174 11| 271.64 |746A-16-1,53-55 A G + R F C F C F R + R 746A-16-1,53-55
175| 11.052| 80.70 |751A-9H,CC A G R R-F R-F C F-C - C C F R F-C C R + R-F 751A-9H,CC
176] 11.103| 81.68 |751A-10H-1,98-102 C-A G R-F R C R + F-C A F-C R C-A + + R 751A-10H-1,98-102
177] 11.141| 56.50 |747A-6H, CC F M F R R F R = + F-C C C F R-F 747A-6H, CC
178| 11.169| 42.73 |744A-6H-1,53-55 C-A G R R C-A F E-C C-A R R C-A + + R + 744A-6H-1,53-55
179] 11.183| 83.18 |751A-10H-2,98-102 A G R R ] R C C F A + + + 751A-10H-2,98-102
180 11.212| 21.05 |748B-4H-2,45-47 A G F + R F-C C C + F-C R-F C C R-F + R F-C + F + 748B-4H-2,45-47
181) 11.262| 84.68 |751A-10H-3,98-102 F-C G R? C C C C F R F F 751A-10H-3,98-102
182] 11.288| 2255 |748B-4H-3,45-47 C G F R R R F C-A R C C-A F R R C-A + R-F 2+ R + R 748B-4H-3,45-47
183 11.342| 86.18 |751A-10H-4,98-102 A G R R + F-C R C C-A R-F C + + F 751A-10H-4,98-102
184] 11.355| 58.45 |747A-7H-2, 45-47 E-C M C F R C C C C F F F 747A-7TH-2, 45-47
185| 11.365| 24.05 |748B-4H-4,45-47 C G R-F C [} C R-F C + R 748B-4H-4,45-47
186| 11.421| 87.68 |751A-10H-5,98-102 + R + C F + C C-A F F C R 751A-10H-5,98-102
187 11.501| 89.18 |751A-10H-6,98-102 A G R R + C R-F C-A C-A R-F F C-A R + i R 751A-10H-6.98-102
188 11.52| 59.95 |747A-7H-3.45-47 C P (F) - F E-C R C C + C (F) + + 747A-7H-3,45-47
189] 11.555| 90.20 |751A-10H,CC A G + + + C C F R F C R + + 751A-10H,CC
190] 11.596| 28.66 |748B-4H,CC C G F F F F F F R F R-F R 748B-4H,CC
191] 11.607| 91.18 |751A-11H-1,98-102 C G R F R-F F F R R C F 751A-11H-1.98-102
192| 11.684| 61.45 |747A-7TH-4, 45-47 R-F P R R-F R F F 747A-7TH-4, 45-47
193] 11.695| 30.55 |748B-5H-2,45-47 A G R-F F C +? ] C R-F R C R + R 748B-5H-2,45-47
194] 11.766| 94.18 |751A-11H-3,98-102 C M R-F + + R R-F C C C R + F C + 751A-11H-3,98-102
195| 11.806| 45.73 | 744A-6H-3,53-55 A M-G C C C R C R-F C F 744A-6H-3,53-55
196| 11.845| 95.68 |751A-11H-4,89-102 A M-G + R F F-C + C-A C-A R F C-A F-C C-A + 751A-11H-4,89-102
197]| 11.847| 33.55 |748B-5H-4,45-47 C G C R-F C C C F F C R 748B-5H-4,45-47
198| 11.925| 97.18 |751A-11H-5,98-102 A G + C R + A C C A R F C i + 751A-11H-5,98-102
199| 11.999| 36.55 |748B-5H-6,45-47 A G F-C F C C F-C C C R-F C 748B-5H-6,45-47
200| 12.004| 98.68 |751A-11H-6,98-102 C-A G +? F R + F C-A F-C F-C C + R C + 751A-11H-6,98-102
201 12.058| 99.70 |751A-11H,CC A M + R-F F C C F R C C i R + R 751A-11H.CC
202| 12.078| 38.10 |748B-5H,CC C G R-F C F F C F-C R C F 748B-5H,CC
203 12.11| 100.68 |751A-12H-1,98-102 C-A G R R + + + C-A C F R C C-A F-C F R + C-A R 751A-12H-1,98-102
204 12.124| 47.23 | 744A-6H-4,60-62 C-A G E + R © C F C ?R-F C R-F E-C R i + 744A-6H-4,60-62
205| 12.309| 64.45 |747A-7TH-6, 45-47 C-A M-G R R-F C-A R A F R C E-C F R E-C A R R R R + 747A-7H-6, 45-47
206| 12.435| 66.00 |747A-7H,CC F P R + F R C C C R R R-F F R 747A-7H, CC
207] 13.006| 103.68 |751A-12H-3,98-102 A M + + E R C C F R C C F F-C + R-F + + 751A-12H-3,98-102
208 13.185| 105.18 |751A-12H-4,98-102 A M R-F + F + F R R F ?R F-C C F F-C F C + R 751A-12H-4,98-102
209| 13.257| 66.45 |747A-8H-1,45-47 C P R F F F F - R R F + 747A-8H-1,45-47
210 13.275| 52.65 | 744A-7H-1,95-97 A P-M + C F C R R R-F | R-F R C R + 744A-7H-1,95-97
211 13.364| 106.68 |751A-12H-5,98-102 A M R R-F F R F F + C C F R-F R R R C R 751A-12H-5,98-102
212]| 13.461| 67.95 |747A-8H-2, 45-47 F P F R-F R C 747A-8H-2, 45-47
213| 13.543| 108.18 |751A-12H-6,98-102 A G F R R R R-F F R-F C-A F-C + R R-F C-A + 751A-12H-6,98-102
214 13.665| 109.20 |751A-12H,CC A M + F-C F-C F-C C C F-C + R-F + C C i i 751A-12H,CC
215| 13.823| 55.23 |744A-7H-3,53-55 A P-M R F F C F F R R-F | R-F E-C F R C C R 744A-7H-3,53-55
216| 13.871| 70.95 |747A-8H-4,45-47 [} M R R R C C R F C F - - 747A-8H-4, 45-47
217| 14.141| 56.73 | 744A-7H-4,60-62 A M R C R-F C ?+ F R-F 2C R C F C 744A-7H-4,60-62
218| 14.28| 73.95 |747A-8H-6,45-47 C M + F-C + + R E F-C R R R F-C F E + Cc C F E + 747A-8H-6, 45-47
219 14.415| 118.70 |751A-13-CC A M-G + R F R F ?F C F C F-C F C F R R F R 751A-13-CC
220| 14.46| 58.23 | 744A-7H-5,53-55 A P-M C + + + R C R + C C R C + C + F F R R + 744A-7H-5,53-55
221 14.491| 7550 |747A-8H,CC C M R C F C C C C F F 747A-8H, CC
222| 14.664| 59.19 |744A-7H-6,46-48 A P-M R C + R F F F + R-F ??F R-F R | F-C C R F 744A-7H-6,46-48
223 14.67| 76.40 |747A-9H-2, 40-42 C M R-F 7R F-C + F-C R C C F 7R F-C C R R-F R + R 747A-9H-2, 40-42
224 14.772| 77.40 |747A-9H-3, 45-47 F-C P-M 2+ F-C ?R + R R R R C F F + R-F C F R ?F 747A-9H-3, 45-47
225| 14.852| 128.20 |751A-14-CC A M F-C + C R C C F F-C R C + 751A-14-CC
226 14.87| 79.04 |747A-9H-4, 45-47 C P-M F-C F F-C F-C F C F F F C + R F R R 747A-9H-4, 45-47
227| 15.165| 80.54 |747A-9H-5, 45-47 C M F-C + + F + R C F F R F C R R + 747A-9H-5, 45-47
228| 15.469| 82.04 |747A-9H-6, 45-47 A M-G R R F-C R-F F F E R + F F C R F R-F R R R 747A-9H-6, 45-47
229| 15.559| 63.23 |744A-8H-2,60-62 A M + + C F R F R F + R F F C C C 744A-8H-2,60-62
230| 15.783| 85.00 |747A-9H,CC C M R F C R C R R i C 747A-9H, CC
231 15.894| 64.73 | 744A-8H-3,53-55 A P-M + C R-F R = F + C R C-A R-F R R + o] C 744A-8H-3,53-55
232| 16.219| 85.04 |747A-9H-8, 45-47 A M + R + F F-C F-C F F C F R R R C R R-F R-F R R-F R R F 747A-9H-8, 45-47
233 16.27| 86.95 |[747A-10H-2, 45-47 C M E-C R-F F C C F R-F + R A R R-F F F-C C F-C F F-C + |747A-10H-2, 45-47
234| 16.474| 137.70 |751A-15-CC A M + C R C R F + C R F C C R C F R R A 751A-15-CC
235| 16.57| 89.95 |747A-10H-4, 45-47 C P + + 2+ E E-C E C F C R C-A R-F | F-C R F-C R-F + + | 747A-10H-4, 45-47
236| 16.798| 66.23 |744A-8H-4,60-62 C P R i R + C R F R-F R R-F R E-C R E-C E-C R C ?F 744A-8H-4,60-62
237 16.87| 9295 |747A-10H-6, 45-47 C P + R R R R F-C C R-F C F-C + + F-C ? 747A-10H-6, 45-47
238 17.242| 147.20 |751A-16-CC C-A M + F F C + F F + R F F F R + C 751A-16-CC
239 17.279| 71.30 | 744A-9H-1,60-62 A M F C F R-F R F C C R E Cc (o] R-F + Cc c 744A-9H-1,60-62
240| 17.327| 38.75 |748B-6H-1,65-67 A M F C + F C + F C + + C 748B-6H-1,65-67
241) 17.445| 40.05 |748B-6H-2,45-47 C M C C C + F F C F C R-F R F C 748B-6H-2,45-47
242] 17.499| 94.50 |747A-10H, CC R P + + + + + + 747A-10H, CC
243) 17.779| 43.05 |748B-6H-4,45-47 C M R R C F F F - F-C F F F + F F - C 748B-6H-4,45-47
244| 17.783| 96.45 |747A-11H-2, 45-47 F P R-F R + F-C F R +? R-F R F-C R-F R 747A-11H-2, 45-47
245| 18.22| 9945 |747A-11H-4, 45-47 R-F P + + = + R + R 747A-11H-4, 45-47
246 18.22| 46.05 |748B-6H-6,45-47 A M C C C R-F F C R-F F-C C i C C 748B-6H-6.45-47
247| 18.356| 47.60 |748B-6H,CC A G F F C R - F F F + F C 748B-6H,CC
248| 18.479| 102.45 |747A-11H-6, 45-47 F P R R R F-C + 747A-11H-6, 45-47
249 18.496| 49.55 |748B-7H-2,45-47 A M R-F F F E-C F C F-C F F R-F F C C 748B-7H-2,45-47
250| 18.594| 80.73 |744A-10H-1,60-62 A P-M F C + + C + + R F F C C + 744A-10H-1,60-62
251] 18.597| 104.00 |747A-11H, CC F P R R ?R 747A-11H, CC
252 18.639| 156.70 |751A-17-CC A M-G R-F C R-F R C R F C C F C R C-A 751A-17-CC
253 18.711| 5255 |748B-7H-4,45-47 A M F-C F-C F-C F + F F-C f F-C C 748B-7H-4,45-47
254| 18.744| 105.95 |747A-12H-2, 45-47 F P + R R R R-F F R F + F-C R? i 747A-12H-2, 45-47
255| 19.02| 107.50 |747A-12H-3, 45-47 F P-M F F R R-F C + 747A-12H-3, 45-47
256| 19.077| 83.75 | 744A-10H-3,60-62 A P-M R C R-F R-F + C C R|RF| RF R-F R F C ?R-F 744A-10H-3,60-62
257]| 19.175| 55.55 |748B-7H-6,45-47 A M C F-C - R + C F-C C + F R-F C 748B-7H-6,45-47
258| 19.256| 85.25 | 744A-10H-4,60-62 A M R R R-F C ?R-F F F R F C + R C 744A-10H-4,60-62
259 19.301| 108.45 |747A-12H-4, 45-47 C P + E C c? +? 747A-12H-4, 45-47
260| 19.571| 110.50 |747A-12H-5, 45-47 F P R R R R C 747A-12H-5, 45-47
261| 19.613| 88.25 | 744A-10H-6,60-62 A M F C + R R F F R C F R R-F + C ?R 744A-10H-6,60-62
262| 19.75| 89.40 | 744A-10H-7,16-18 A P-M R C F C F C F-C C-A ?F 744A-10H-7,16-18
263 19.8| 166.20 [751A-18-CC C-A P-M F F-C R F + F-C C R-F F EF-C C 751A-18-CC
264 19.84| 111.95 |747A-12H-6, 45-47 F P R + + F-C 7R 747A-12H-6, 45-47
265| 20.119| 113.50 |747A-12H, CC F P R R-F F R-F F F 747A-12H, CC
266| 20.374| 57.10 |748B-7H,CC A M C C R F R - C C 748B-7H.CC
267| 20.541| 59.05 |748B-8H-2,45-47 A M F C F F R F F C F F-C F + F-C 748B-8H-2,45-47
268 S19 S23 S53 N33 N82 Si6 N73 |S55 N42
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