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The role of phyletic change in the evolution 
of Pseuclocubu,~ vema (Radiolaria) 

Davida E. Kellogg 

Abstract.--While the importance of allopatric speciation in the fossil record has long been 
underestimated, phyletic change within single unbranching lineages also occurs. The 50% 
increase in thoracic width observed in the radiolarian species Psezcrloc~~busuema from an 
Antarctic deep-sea core is a clear example of a long-term phyletic trend in a continuous fossil 
sequence. Phyletic change in P. oema occurred at varying rates, but changes in the morphologic 
rate of evolution do not correspond to any obvious breaks in the fossil record such as would he 
indicated by missing segments of the core's magnetic stratigraphy. \'ariation in tlloracic width, 
as measured by the coefficient of variation, does not depend on the l~~orphologic rate of 
evolution, proportional rate of evolution, nor the amount of time required for the wiclth to 
change by one standard deviation, so much as it depends on whether change was accomplislled 
by addition or renloval of extreme phenotypes to or from the population. 

Davida E. Kellogg, Department of Ceolog~l, Univeisify of Maine at Oiono, Olono, Malne 04473 

Accepted: June 3, 1975 

Phyletic change, defined as "change with 
respect to time of the characteristics of a spe- 
cies" (Bock, personal con~n~unication), is pos- 
sibly the best documented aspect of evolution 
in the fossil record (Simpson 1933, p. 385). 
Exan~ples of trends such as those observed by 
Simpson (1951) in Eocene to Recent Equidae 
are abundant in the paleontological literature. 
Yet despite its having been exhaustively de- 
scribed, the contribution of microevolutionary 
mechanisms at the infraspccific level to phy- 
lctic evolutio~~ has not been adequately ana- 
lyzed. This on~ission is largely an artifact of 
the time scale on which phyletic trends have 
traditionally been observed. Only a small 
minority of the studies dealing with trends, 
such as those observed by Rowc (1899) in the 
echinoid Micraster from Late Cretaceous 
chalks of England or by TVestoll (1950) in the 
Mesozoic oyster Gryphaea, are based on data 
from continuous deposits. Most, especially 
those studies of large land vertebrates of which 
only a relatively few specinlens are found at a 
single outcrop, tend to incorporate samples 
from widely separated localities and times. In 
his well known study of the trend towards 
hypsodonty in North American Equidae, 
Copyr. @ 1975 The Paleontological Society 
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Sinipson ( 1931) drew con~parisons between 
data from an early Eocene sample from TVyo- 
ming, a middle Oligocene sample from South 
Dakota, and both a late Miocene and a late- 
carly or early-middle Pliocene sample from 
Nebraska, no two of which were assigned to 
the same genus. There were only fourteen 
spccinlens in the largest of these saruples; the 
slllallest contained four. The study clearly 
docun~entsa long-term trend, but such large 
temporal and spacial discontinuities tend to 
filter out sn~all-scale evolutionary changes oc- 
curring at or below the species level. Conse- 
quently although phyletic trends are the 
cumulative result of such microevolutionary 
nlechanisms as directional selection, drift, or 
n~utatioa pressure within single popul a t' ions, 
most exanlples of phyletic change in the fossil 
record have only been observed, ex post facto, 
at the le\7el of the genus or above. 

More recently, Eldredge (1971) and Eld- 
redge and Gould (1972) have proposed as an 
alternative to evolution by "phyletic gradual- 
ism," a concept of "punctuated equilibria," 
which they believe to be more in keeping with 
the discontinuous nature of the fossil record. 
:L agree with Eldredge and Gould that there are 



E l 4  - 8  	 by presenting and analyzing a trend within a 
0 cm 	 single species of fossil Radiolaria from an 

Antarctic deep-sea core. Deep-sea cores pro- 
vide excellent material for this type of study 
because they often contain contiiluous or 
nearly continuous records, millions of years 

300 	 long, of large populations of nlicrofossi~s from 
a single locality together with an equally long 
illagiletic record ( Figure 1) . This magnetic 
record makes it possible to accurately sample 
the continuous microfossil sequences in the 

600 	, cores at fine enough intervals of time to allow 
m the observation of specific phenotypic changes 
73 which can be interpreted as the predictable 
I results of the action of microe~~olutionary 
-	 mechanisn~s within single populations. 
Z 

900 
Choice of Core and 
Oceailographic Setting 

~j Core E14-8 was chosen for this study be- 
cause it contained both a clear magnetic record 

1200 ' and a nearly continuous Antarctic radiolarian 
sequence for roughly the past 4.5 million 
years. Of the long Antarctic cores available 
at the Lamont-Doherty Geological Obser-
vatory, E14-8 contains the most complete 

1500 microfossil record (Hays and Opdyke 1967). 
E14-8 was taken from the westein flank of 

the East-Pacific Rise at 59'40'S, 160°17'W 
. (Figure2 )  in 3875 meters of water. The domi- 

nant influence on surface water circulation in 
1800 this region is the Antarctic Circun~polar Cur- 

FIGUREl. Magnetic stratigraplIy of core ~ 1 4 - 8sllow- rent, which, driven by \vesterly winds, circles 
ing the stratigraphic range of Psez~docubus oemn the Antarctic Continent between about 40' 
(after Hays and Opdyke 1967). Black indicates nor- and 60"s latitude. The antarctic polar front 
ma1 polarity; white, reversed polarity. 	 is a zone of convergence which develops 

between the denser ( cooler) Antarctic water 
and the less dense (warmer) subantarctic

numerous gaps in the fossil record which may water (Neumann and Pierson (1966, p. 465) ) . 

be attributed to allopatric speciation ( Kellogg, This convergence is very stable. Hays (1965, 

in press). But I must also agree with Bock p. 163) found no indications of any significant 

(personal communication) that it is fallacious southward shift in the position of the Antarctic 

reasoning to place allopatric speciation in polar front during the last 4 to 5 nlillion years. 

direct opposition to phyletic change. As Bock 	 Furthermore, he found that this convergence 

pointed out, the two processes are simply not forn~san effective geographic barrier between 

alternatives. Phyletic change does not in and Antarctic radiolarian species restricted to the 

of itself lead to the appearance of new species, 

but it is an integral part of both the allopatric cold water south of the convergence and the 


and 	syillpatric phases of speciation. More warm water species of the subaniarctic region 


easily recognized is phyletic change occur- north of the convergence. 

ring o\7er long periods of time in lineages Surface water temperature appears to be the 
which are not undergoing speciation. major factor in determining the distribution of 

The purpose of this study is to deillonstrate radiolarian species north and south of the 
the origin of phyletic trends at the species le\7el Antarctic polar front. Within the cold waters 
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FIGURE 2.  Location of  core E14-8 with respect t o  the Antarctic convergence (af ter  Hays and Opdyke 1967). 
Dotted line indicates position of  the convergence. 

south of the convergence, the Antarctic species 
discussed by Hays (1965) have circumpolar 
distributions and are not restricted to localized 
sectors of the Antarctic region. Hays and 
Opdyke ( 1967) found that extinctions and first 
appearances of stratigraphically impoita~lt 
radiolarian species occurred at the same times 
relative to the magnetic time scale in each of 
three long cores from different latitudes in 
Antarctic waters. 

At present, physical oceanographic param- 
eters for the Antarctic surface waters are high- 
ly stable over short periods of time. According 
to Gordon et al. ( 1970), the temperature at a 
depth of 20 meters ranges between -1.5"C near 
the Antarctic Continent and 7 or 8°C at 50"s 
in the winter and between -1.5"C and 9 or 
10°C at the same latitudes in the summer. The 
small difference between summer and winter 
temperatures is due largely to the melting of 
pack ice during the summer months; this tends 
to prevent any sigl~ifica~lt amou~lt of warming 
of the surface waters. Similarly, the salinity of 
the surface waters ranges from a little less than 
34.0Stc to 34.4Zc summer and winter, although 
the overall summer salinity is somewhat lower 
than the oveiall winter salinity because of 
seasolla1 addition of relatively fresh water from 
melting pack ice. Dissolved oxygen colltellt 
remains between 8.0 ml/l and 6.5 ml/l all year 

around. Furthermore, because cooled surface 
water is constantly sinki~lg to the bottom to 
become Antarctic bottom water, 110 thermo-
cline develops in Antarctic waters during the 
course of the year. 

If conditions were eq~~a l ly  stable in the past, 
one might reaso~iably assume that most evo- 
lutionary changes in Antarctic Radiolaria came 
about as adaptatio~ls to long-term shifts, such 
as warming or coolillg trends of long duration, 
in an ellvironmeilt which did not show any 
significant change over the course of a single 
year. The presence at depth in an Antarctic 
core of radiolarian species which are presently 
restricted to the warmer waters north of the 
Antarctic polar front would be a good indica- 
tion that warmer collditioils prevailed in the 
Antarctic region in the past. Hays and Opdyke 
(1967) fou~ld "no strong evidence it1 E14-8 of 
warmer collditio~ls at depth, but below 1100 
cm (2.4 million years B.P.) several warm-
water Radiolaria occur intermittently down to 
the point where the core becomes (almost) 
barren (of Kadiolaria) at 1710 cm." Bandy 
et al. (1971) also found evidence of warm-
water Kadiolaria near the bottom of E14-8. 
The species with which this study is co~lcerlled 
became extinct in E14-8 shortly above 1100 
cm. 
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FIGURE 3 .  Psetcdoctcbus venza. a. P. venza fro111 E14-8, 1770 cm, side view. b. P. vema fro111 E14-8, 1770 cm, 
top view, c. P. venza from E14-8, 1420 cm, sicle view. cl. P. vema from E14-8, 1085 cm, sicle view. e. P. vema 
from E14-8, 1085 cm, top view. 

Systematics 
This study coilcerns the radiolarian species 

Psez~clocuhus vema ( I-Iays 1965). The skeletal 
structure, taxononiic affinities, a i d  strati-
graphic and geographic ranges of P. vema 
have been described in numerous previous 
papers (Hays 1965; Opdyke and Hays 1967; 
Keany and Kennett 1972; Duinitrica 1973). 

The choice of P. vema as the subject of this 
study was deterniined by the following three 
considerations : 

1.)  P.  vema has a long stratigrapl~ic range 
in Ailtarctic deep-sea cores; extending from 
at least the Gilbert "c" event, about 4.5 niillion 
years B.P., to the base of the RIatuyama 

reversed epoch some 2.4 inillion years B.P. 
(Figure 1).This range is the same in all three 
long Antarctic cores froin different latitudes 
in the Antarctic studied by Hays and Opdyke 
(1967). P. Tiema is no\v recognized as an im- 
portant stratigraphic indicator species in Ant- 
arctic sediments. 

2.) Throughout its entire stratigraphic range, 
P. vema was confined to the cold water south 
of the Antarctic polar front. 

3.) The skeleton of P. vema under\vent con- 
siderable change in shape between the first 
appearance of this species at the base of E14-8 
at 1790 cni and its last appearance at 1085 cm 
(compare Figures 3a and 3e). At the beginning 
of its range P. venza had a skeleton which con- 
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M A T U Y A M A  

I D E P T H  I N  CORE (CM.)  , 
I 

FIGURE4. Mean thoracic wiclth of P ,  vema vs. cleptll in core E14-8. Vertical lines through points inclicate 95% 
confidence intervals for means. Numbers above lines inclicate number of specimens in sample. Time line across 
bottom shows depth at wvl~ich magnetic reversals occurred. 

sisted of a prominent cephalis and narrow 
thorax (Figure 3a and b ) .  By the time of its 
last appearance, the cephalis had receded into 
the thorax, and thorax itself had undergone 
an increase of 50% in width. 

Determination of the manner in which the 
change in thoracic width was accomplished, as 
well as the magnitude, direction, and rate of 
change are the major goals of investigation in 
the following sections of this study. 

Methods 
Sampling.-Samples of between one and 

two cm3 were taken at intervals of approxi-
mately 20 cnl down E14-8. This interval 
seemed reasonable for initial sampling in light 
of the sedimentation rates in the core (Table 
1). If on subsequent examination this sam-
pling interval proved too coarse to reveal the 
details in which I was interested, additional 



-- 
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 I G I L B E R T  I GAUSS I M A T U Y A M A  


1600 1400 1200 1000 8 0 0  
DEPTH IN  CORE (CM.)  

FIGURE5. Coefficients of variation of thoracic width 
of P. uema vs. depth in core E14-8. I7ertical lines 
through points indicate 90% confidence intervals for 
coefficients. Numbers above lines indicate number of 
specimens in sample. 

samples could always be taken to reduce the 
interval to 10 or even 5 cm if necessary. 

Each sample was boiled in about 200 n11 of 
water to which 10 of hexameta-
phosphate (-calgonm) had been added ulltil 
the sediment became disaggregated. The 
disaggregated sediment was sieved through a 
63 micron mesh and the residue agitated soni- 
cally and sieved once again. The remaining 

coarse fraction was allowed to settle in about 
20 ml of water. A few drops of the residue was 
placed on a glass slide, allowed to dry on a 
warm hotplate, and then covered with Canada 
balsam and a glass cover slip. 

No sample within the geologic range of P. 
vema contained less than 35 specimens of this 
species except for the two oldest samples 
(1790 and 1770 cm) which were taken from the 
region of E14-8 below 1710 cm ( a  region Hays 
and Opdyke ( 1967) described as "barren"). 
Since there was only one specimen of P, vema 
in the sample from 1770 cm and none in the 
sample from 1790 cm, it seemed unlikely that 
even one or two additional samples from these 
levels could provide enough specimens to be 
worth analyzing statistically. Furthermore, as 
there was only a very little material left at 
these two levels, it did not seem practical to 
sample them twice. All slides examined for 
this study are in the possession of Dr. James 
Hays of the Lamont-Doherty Geological Ob- 
servatory. 

Statistical Analysis.-For each specimen of 
Pseuclocubus vema, the width of the thorax at  
its widest point was measured with an eye-
piece ll~icroll~eter at a magnification of 400X. 
The mean width and the Pearsonian coefficient 
of variation were then calculated for each sam- 
ple and plotted against depth in core (Figures 
4 and 5 respectively). Since the number of 
specimens in each sample varied between 35 
and 82, 95% confidence intervals were deter- 
mined for the mean of each sample ( Figure 4). 
The mean san~ple width was also plotted 
against time in millions of years in Figure 4, 
and the rate of size increase, proportional rate 

TABLE1. Ages of magnetic reversals in E14-8. Dates of magnetic reversals according to Opdyke (1972). 
Magnetic stratigrapry of core E14-8 from Hays and Opdyke (1967). 

Reversal 
Depth in E14-8 

( cm ) 
Date 
( ) 

Time interval 
) 

Sedimentation rate 
(cm/yrs) 

Top Matuyama 

Top Gauss 

Top Gilbert 

Top Gilbert "c" 

Base Olduvai 
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TABLE2. Rates of evolution of greater thoracic width by Pseudocubus vema in E14-8. 

Depth
in core 

Interval 
between 
sanlples 

Width 
thorax 

P. vema 

Change 
width 
thorax 

Time 
between 
samples 

Rate of 
change

of width 

Proportional 
rate of 
change Standard 

Time to change 
one standard 

deviation 
( c1n ) (cin) (inicrons) (microns) ( ?IS) (microns) (%/?I) deviation ( ?rs 

of size increase, and amount of time required 
for a size increase of one standard deviation 
were calculated (Table 2 ) .  Lastly, a size fre- 
quency diagram was drawn for each sample 
(Figure 6). All calculations were converted 
from eyepiece micrometer units to microns. 
The conversion factor used was 100 eyepiece 
micrometer units =290 microns at a magnifi- 
cation of 400X, so that a typical specimen of 
P,  uema 40 units wide would measure approxi- 
matelv 116 microns across. 

Dating.-As evolutionarv rates were to be 
u 


calculated, the dating of sanlples was of pri- 
mary importance. The magnetic stratigraphy 
of E14-8 (Figure 1)was originally determined 
by Opdyke and Hays (1967). All of the k~lown 
magnetic epochs and events of the last 4.5 
million years are present in sequence in this 
core, from the Gilbert "c" event to the Brunhes 
normal epoch, with the single exception of the 
Kaena reversed event of the Gauss normal 
epoch (see Opdyke 1972 for a complete mag- 
netic stratigraphy for the past 5 million years). 
While it is possible that the lack of evidence 
for the Kaena event in E14-8 is caused by a 
short hiatus within the Gauss, it often happens 
that a relatively short event like the Kaena 
(.085 million years long) is not detected in a 
core because the samples are too widely spaced 
or have too low a magnetic intensity to yield 
conclusive results. 

P,  vetna ranges from 1790 cm near the base 
of E14-8 to 1085 cm, just above the base of 

the Matuyama reversed epoch. On the basis of 
Opdyke's (1972) dates of 4.33 million years 
B.P. for the top of the Gilbert "c" event which 
occurs at 1605 cm in E14-8 and 2.43 million 
years B.P. for the base of the Matuyama, this 
range would represent more than 2 million 
years. The full extent of the stratigraphic 
range of P. vema in E14-8 is not known be- 
cause the magnetic intensity drops too low to 
give reliable results in sanlples from below 
1640 cm, and the ages of samples from the 
older part of the core (Table 1)nlust be extrap- 
olated from this point on the assumption that 
the sedinlentation rate between 1750 and 1605 
cnl was roughly the same as that between 1605 
and 1300 cm. The problem of dating the lower 
portion of E14-8 is further complicated by a 
possible hiatus at about 1700 cm (personal 
communication, Hays). Given these uncer-
tainties, the lowest meter of core might be 
considerably older than my estimate (Figure 
4 ) ,  and my calculations of rates of evolution 
(Table 2) over this last meter would represent 
a maxi mum. 

Aside from the possible absence of the 
Kaena event, time control for the upper 16% 
meters of E14-8 is excellent. Between 1605 and 
915 cm, which corresponds to the base of the 
Olduvai event at 1.86 million years B.P., the 
rate of sedimentation averages about 10 cm 
every 35,000 years. Accordingly, there \vould 
be an average interval of only 70,000 years 
between samples taken 20 cm apart from the 



FIGURE6. Frequency distributions of thoracic widths in sanlples of P. oema from core E14-8. Nunlbers in 
circles are sanlple sizes. 

lower half of E14-8. The rate of sedimentation 
was, of course, not invariable over the entire 
range of P. verna. Table 1 lists the average 
sedimentation rates for the Matuyama, Gauss, 
and Gilbert epochs in E14-8 individ~~ally. 

Results 
The results of the calculations outlined 

above are presented in graphic form in Figures 
4 through 6 and summarized in Table 2. 

Rates of euo1ution.-In Figure 4 the mean 
thoracic width of P. vema is plotted against 
depth and time in core E14-8. The single fea- 
ture which dominates both of these graphs is 
a strong trend toward increased size running 
the entire length of the stratigraphic range of 
P. vema within the core. In the course of this 

trend, the thoracic width of P,  vetna increased 
from 89.81 microns at 1750 cm to 134.68 mi- 
crons at 1085 cm, an increase of about 50% 
in something over two million years. The line 
connecting the point at 1750 with that of 1085 
cm is not straight but "stepped indicating that 
increased width was evolved by P,  vema in fits 
and starts rather than at a steady rate. Specifi- 
cally, most of the change occurred during three 
short bursts of rapid evolution at 1600-1560 
cnl, 1340-1280 cm, and 1145-1085 cm. These 
bursts were preceded and/or followed by 
extended periods three or four times as long 
as the bursts, during which the mean fluctuated 
between more or less narrow limits. 

The rates of change during periods of rapid 
evolution (Table 2 )  were generally on the 
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order of 15 to 540 times faster than at other 
times. Similarly, the proportional rates of 
change as calculated by the fonnula: 

log, xa - log, xl
Ruro1, = (Haldane 1949, T 

P. 52) ( 1 )  
(where xl ,  xz are the sample means at tl, t a ,  
respectively; T is the amount of tinie between 
t2and tl; the R,,,, is the proportional rate of 
change in a given nieasurable character over 
time T )  were one to three orders of magnitude 
faster during the bursts of rapid change. 

The aniount of time required for the mean 
width of P. v e m a  to increase by one standard 
deviation as calculated by Haldane's (1949, 
p. 58) formula: 

V T
Ti S.D. = 

log, x2 - log, x1 ( 2 )  

(where T, xl ,  xa have the same ~neaning as in 
the formula for proportional rate of change; 
V is the standard deviation of values for a 
given measurable character in a sample of the 
population at time tl; and T 1  S.D. is the time 
it would take the sample mean for that char- 
acter to change by a~nount V [one standard 
deviation] at the calculated proportional rate 
of change between tl and t 2 )  was one to three 
orders of magnitude longer in the intervals 
between the bursts than during them. 

Variation.-A widely used estimate of the 
amount of variation for a given morphological 
feature in a population is the Pearsonian co- 
efficient of variation: 

sample standard devi a t '  lon 
C = 100 x 

sample mean ( 3  

(Simpson 1953, p. 68). 

Between 1750 and 1085 cm, the coefficient 
of variation for thoracic width of P. v e m u  in-
creased by only .1293. But the shape of the 
curve for this parameter, concave between 
1750 and 1400 cm and convex between 1400 
and 1085 cm, suggests that the range of P. 
v e m a  in E14-8 may be divided into a period 
of relatively low variation below 1400 cm and 
a period of greater variation above this point 
(Figure 5 ) .  The integral relationship between 
change in the mean thoracic width and the 
range of variation is graphically illustrated 
in Figure 6 and will be discussed at length 
in the following section. 

Discussioil 
Bock (personal definesconiniu~~icat io~~) 

phyletic evolutio~l as follows: "Change with 
respect to time of the characteristics of a spe- 

a 1011cies is phyletic evolution; hence modific t ' 
along the time axis of a single phyletic lineage 
is phyletic evolution." Furthermore, "Rates of 
phyletic evolution vary greatly at different 
times in different subdivisions of the same 
lineage. These rates may vary from no detect- 
able phenotypical change for long periods to 
rapid modifications over short periods of time 
such as those achieved in animals and plants 
under domestication. But they exclude large, 
single-step changes from one n~o~phological 
condition to another as suggested in theories of 
saltation." The 50% increase in the mean 
thoracic width of the radiolarian species 
Pseudocubzcs v e m a  which occurred during 
the roughly two million years this species in- 
habited Antarctic waters fits this description 
of phyletic change very closely. Observed 
changes in rate of molphologic change prob- 
ably do not indicate gaps in the fossil record 
since there are no corresponding gaps in the 
magnetic stratigraphy. Because the Radio-
laria have relatively simple morphologies, they 
may appear to have evolved at slower rates 
than more coniplicated animals (Schopf et al. 
1975). They were once thought to be "living 
fossils." Yet when studied on the proper time 
scale, it is clear that they have been evolving 
at perceptible and varying rates, as might be 
expected of any organism under the influence 
of natural selection. 

Explanation of t h e  shape of a populntion-
level tt~ncl.-The trend towards increased 
width in Pseuclocubus v e m a  is "stepped" 
rather than straight, indicating a variable in- 
stead of a constailt rate of evolution. Short 
periods of very rapid evolutio~l alternated with 
longer intervals during which relatively little 
change occurred. 

The variability of the rate and direction of 
evolution of P. v e m a  is easily explained. At 
each point along these curves, both the rate 
and the direction of evolution were deter-
mined by the strength and direction of pre- 
vailing selection forces. The trend itself is 
merely the vector sum~natio~l of the change at 
each point. Ideally, there should be a point 
for each generation. But, assunling P. v e m a  
had only one generation per year (which is a 
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conservative estimate for a protist-Casey et 
al. [1970] reported turnover rates of one month 
or less for Radiolaria in sediments of the Santa 
Barbara Basin), the amount of time required 
to measure and analyze over two million sam- 
ples would be prohibitive even if sedimenta- 
tion rates for the Antarctic were such that 
intervals of time as small as one year could be 
resolved. In any case, the three main con-
clusions drawn from the analysis would most 
likely remain unchanged: 

1 . )  Strong evidence for long term phyletic 
change may be observed in lineages whose 
fossil records are relatively complete. 

2.) A trend really only beco~nes a trend in 
retrospect. That is, each generation of a popu- 
lation may or may not evolve in a given 
direction or at a given rate depending on the 
vagaries of the prevailing selection forces and 
the kind and amount of genetic variation im- 
mediately available to the population for re- 
sponse to changes in its environment. If over 
a period of time, most of the environmental 
change, and therefore, most of the evolution 
has been in a particular direction, i.e., if phy-
letic evol~ltion has taken place, one can see 
wit11 hindsight that a trend has resulted from 
this evolution. However, at each point along 
the trend it is impossible to predict where the 
next point will fall or if it will even fall in the 
general direction of the trend. 

3.)  Population-level trends in fossil species 
may be explained entirely by the sort of inicro- 
evolutionarv nlecl~anisms known to be in-
volved in the production of phyletic change in 
living species. 

In the case of P. vema, phyletic evolution 
appears to have been the result of sporadic 
exertion of directional selection both for larger -
phenotypes and against smaller phenotypes 
and/or for diminution of stabilizing selection 
for smaller phenotypes; these three factors 
acted alone or in concert at different times. 

If the intermittent occurrences of several 
warm-water radiolarian species obse~ved by 
Hays and Opdyke (1967) and Bandy et al. 
(1971) between 1100 and 1710 cin really do 
indicate warmer conditions at depth, it is pos- 
sible that the configuration of selection forces 
described above Gyhave been at least in 
part related to periodic cooling of antarctic 
waters. There is evidence that Radiolaria 
inhabiting cold water tend to develop larger 
skeletons than members of the same species 

living in warmer waters (Hays 1965). While 
the section of E14-8 between 1500 and 1100 cm 
does represent a cold period of major propor- 
tions according to paleotemperature estimates 
made by Bandy et al. ( 1971), bursts of rapid 
evolution in P. vema do not appear to be cor- 
related in a consistent manner wit11 secondary 
cliniatic fluctuations. 

The relationship of rate of evolution to vari- 
ation.-At first glance, the relationship of rate 
of evolution to variation in P, vema is some- 
what perplexing. As stated above, the length 
of time required for a change of one standard 
deviation in a population mean (Table 2) was 
considerably smaller dl~ring the periods of 
rapid evolutio~l than in the intervals between 
them. Simpson ( 1953) interpreted Haldane's 
(1949) statistic as a measure of how fast a 
population was "running through the existing 
phenotypic variation which constituted its im- 
mediately available supply of raw material for 
evolution. If this interpretation is correct, one 
should expect to find that P. vema was least 
variable during times of rapid evolution and 
that the shape of the curve of the coefficient 
of variation vs. depth in core (Figure 5 )  would 
approximate the inverse of the width vs. depth 
curve. Instead, sanlples from the lower half of 
the range of P. vema are generally less variable 
than those from the upper half. These observa- 
tions do not indicate that Haldane's statistic is 
useless so much as that its use is limited. The 
unspoken assumption made when this statistic 
is utilized is that if the rate of increase in 
width, for instance, is being measured, the 
width is increasing by elimination of smaller 
phenotypes from the population. This is 
precisely what happened in P. vema between 
1600 and 1560 cin when phenotypes of less 
than 87 ~nicrons were almost entirely elimi- 
nated from the populat io~~ (see Figure 6 ) .  The 
variation during this period of time was cor- 
respondingly low. But there are other ways in 
which the mean width of a population may be 
increased such as by addition of larger pheno- 
types wit11 or without the removal of snlaller 
ones, and these tend to increase the a~nount of 
variation in a population. Hence one finds 
high variation in P. vema between 1340 and 
1280 cnl and between 1145 and 1085 cnl when 
phenotypes between 116 and 145 microns and 
between 145 and 174 nlicrons, respectively, 
were being added to the population at a rapid 
rate. I11 general, the upper half of the range of 
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P. vema, which is characterized by the addi- 
tion of wider pheaotypes, is marked by a high 
level of variation while the lower half, which 
is characterized by elimination of narrower 
phenotypes, is marked by relatively low vari- 
ation. 

Extinction.-While it is true that the extinc- 
tion of P. vema canie at a time when this spe- 
cies was evolving rapidly, there is no reason 
to postulate hypertely or the notion "that 
somehow evolutionary momentum carries 
trends to inadaptive lengths and causes extinc- 
tion" (Sinipson 1953, p. 282) as the causative 
agent of extinction (Riedel 1971). Almost two 
million years previously, P. vema had been 
evolving even faster and did not become ex- 
tinct. Furtheirnore, there is no evidence to 
support the notion that P. verna was ever 
evolving at a rate or in a direction which could 
not be commensurate with prevailing selection 
forces. At the time of its extinction, P, vema 
exhibited a faidy high amount of variation for 
thoracic width. The fact that P, vema was 
least variable for thoracic width during the 
Gilbert reversed epoch but did not become 
extinct until the beginning of the Matuyama, 
roughly a million years later, supports the 
contentions of Flessa, Powers and Cisne (1975) 
that "the degree of specialization is not an 
important determinant of evolutionary per-
sistence" and that it is the type, rather than the 
degree of specialization that matters. At least, 
it appears that amount of variation had little 
relation to the extinction of P. vema. 

Summary and Conclusioils 
1. A 50% increase in thoracic width over a 

period of approximately two million years was 
observed in the extinct radiolarian species 
Pseudocubus vema in deep-sea core E14-8 
from the Antarctic. 

2. The trend towards increased width in 
P,  vema was "stepped rather than straight, 
indicating a variable rather than constant rate 
of evolution. 

3. Most of the observed nlorphologic 
change occurred during three relatively short 
bursts of rapid evolution preceded and/or fol- 
lowed by extended periods, three or four times 
as long as the bursts, during which the mean 
fluctuated between rather narrow limits. 

4. Rates of change during periods of rapid 
evolution were 15 to 540 times greater than at  
other times. Proportional rates of change were 

one to three orders of magaitude faster during 
the bursts of rapid change, and the amount of 
time required for the mean thoracic width of 
P ,  vema to increase by one standard deviation 
was one to three orders of magnitude longer in 
the intervals between the bursts than during 
them. 

5. Observed chaages in rates of niorpho-
logic change do not indicate gaps in the fossil 
record since there are no corresponding gaps 
in the magnetic stratigraphy of E14-8. 

6. Variability for thoracic width was not 
necessarily related to rate of evolution. Vari- 
ation was lowest when smaller phenotypes 
were being removed from the population with- 
out the addition of larger phenotypes. When 
larger phenotypes were added to the popula- 
tion, with or without the removal of smaller 
phenotypes, variation was high even during 
periods of rapid change. 

7. The long-term trend towards greater 
thoracic width observed in P,  vema clearly 
represents phyletic change. 
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