
Nonlinear Stellar Pulsations, H. Hill and W. ference on Observing Solar Oscillations from to the data of Raup and Sepkoski. The 
Dziembowskl, Eds. (Springer, New York, Space, R. Ulrich, Ed. (in press)]. 
1980), p. 404. 6 .  B. Mihalas and J.  Toomre, Astrophys. J. 249, are ~IJmmarized in Table 1. Mod- 

5. However, for treatments that are similar in 349 (1981). 
spirit, see J.  Logan, H. Hill, P. Puccio, and R. 7. I thank R. Gilliland for allowing me to use his 

el 1A represents the series modeled as  a 
Rosenwald [in Nonradial and Nonlinear Stellar solar mixing-length results and B. Mlhalas for response to a deterministic impulse f ~ n c -  
Pulsations, H. Hill and W. Dziembowski, Eds. many useful discussions. 
(Springer, New York, 1980), p. 4131 and B. tion. The parameter value that takes into 
Durney [in Proceedings of the Snowmass Con- 6 June 1984; accepted 25 July 1984 account this deterministic effect is not 

significant. To  allow for the observed 
autocorrelation in the series, model 1B 

Periodicity of Extinctions in the Geologic Past: adds a stochastic term. Although the 
capacity of explanation of the model 

Deterministic Versus Stochastic Explanations increases, this is not due to  the determin- 
istic component which is still not signifi- 

Abstract. The temporal spacing and the magnitude of major extinctions over the cant. We also checked the presence of 
past 250 and 570 million years, based on the use of different metrics of extinction deterministic sinusoidal components fit- 
probability, are analyzed by comparing deterministic and stochastic e,xplanations. ting autoregressive-integrated-moving- 
The best-fitting time series model is a stochastic autoregressive model that displays a average (ARIMA) models (6) that allow 
pseudoperiodic behavior with a cycle length of 31 million years for the past 250 for cancellation of the roots in the auto- 
million years, regardless of the metric of extinction probability. The periodicity regressive polynomials (3, but we  have 
lengthens and weakens when the analysis is extended to the entire Phanerozoic. The not detected any indication of this kind 
history of the probability of extinction for the entire Phanerozoic, based on time of behavior. Model 2 is the best stochas- 
series analysis, does not support the reported bipartite distribution of Van Valen, tic representation of the series, based on 
Rather, the probability of extinction has decreased uniformly over Phanerozoic time the use of ARIMA time-series models, 
whereas the inertia or stability of the biotic system after the Late Permian crisis has that we have obtained and displays peri- 
increased. odic (pseudoperiodic) behavior (8).  This 

model is a fifth-order autoregressive 
The probability of extinction is known tic impulse which affects the evolution of model, that is, a model in which the 

to have been nonconstant over geologic the series only a t  specific times with current value of the series is explained as  
time (I). Fischer and Arthur (2) proposed fixed periodicity; (ii) a deterministic cy- a linear combination of its values in the 
that major extinction events (3) have cle in which some external variable fol- five previous periods. In this case, the 
occurred periodically. Raup and Sep- lows a periodic wave which affects the parameter values obtained from maxi- 
koski (4) recently applied statistical tests evolution of the series; or (iii) a stochas- mum likelihood estimation are such that 
for periodicity to  a data set of 567 extinct tic dynamic system (the stochastic be- they produce pseudocyclic behavior. To  
marine families whose origination and havior may be the result of multiple test robustness to the apparent outlying 
extinction times can be resolved to a unknown causal factors operating to pro- observation (the Late Cretaceous extinc- 
geologic stage (mean duration, 6.2 mil- duce the observed series). In the first tion event), we also fitted the models 
lion years). These analyses, restricted to two cases, the periodic behavior ob- using intervention analysis (9). These 
the window of geologic time from 253 to served can only be explained as  a result conclusions were also robust, and model 
11.3 million years ago, identified 12 ex- of the effect of some exogenous variable. 3 represents the best-fitted model. Al- 
tinction peaks whose temporal spacing In the third case, to restrict our search to though such an intervention model has a 
was significantly periodic at 26 million an external cause may be misleading, greatly increased capacity of explanation 
years. Raup and Sepkoski interpreted whereas attention to the internal struc- (R' = 0.71), taking into account this 
these results as  a signal of an unknown ture of the system might increase our effective outlier does not change the ba- 
event that appears uniformly and sug- understanding of the observed behavior. sic pseudoperiodic behavior referred to 
gested astrophysical causes. To  test these alternatives statistically, above. Figure 1 illustrates the observed 

The periodicity described by Raup and we have first applied a series of models series, including the variable magnitudes 
Sepkoski compels attention. Our objec- 
tives are threefold: (i) to broaden the 
statistical analysis and thereby the inter- 
pretation of these data by comparing 
deterministic versus stochastic explana- 
tions, including models with and without 
external forcing functions; (ii) to  focus 
on a neglected aspect of the data-name- 
ly, the striking feature that the magni- 
tude of extinction peaks varies from 7.6 
to 66.3 percent; and (iii) to broaden the 
empirical support by applying these al- 
ternative models to Van Valen's metrics 
( 9 ,  which differ substantially in the 
method of calculating the probability of 
extinction. 

An observed periodicity in a given 
time series, evidenced as  a peak in the 

Table 1. Models for the Late Permian-Middle Miocene time series of extinction probability, 
using the Raup-Sepkoski metric (4). Abbreviations: B is the backshift operator BkY, = Y, - k, 
and V = 1 - B is the difference operator; Y, is the observed series; X, is some deterministic 
series of zeros and ones with the ones separated by five stages; a, is a white-noise process of 
uncorrelated variables with zero mean and constant variance. The parenthetical numbers under 
the estimated parameters are the t-statistics for these parameters. Q is the Ljung-Box statistic 
(1 1 degrees of freedom); 6 is the residual estimated variance of the model; R2 is the percentage 
of explained sum of squares; and I is an intervention variable that takes the value 1.0 in period 
30 (Late Cretaceous) and 0 elsewhere. 

Estimated model Q(ll) 6; R* 

spectrum or autocorrelation function of 3. Y, = 42.6813, + ut 

V(l + 0.32B + 0 .56~ '  + 0.45B3 + 0.22B4) 4.1 63.65 0.71 
the series, could be the result of three (6.71) 
very different causes (6): (i) a determinis- 

(1.94) (3.75) (2.71) (1.55) 
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of extinction peaks, and the predicted or 
the explained part of the series based on 
the use of model 3. 

The results shown in Table 1 demon- 
strate that the deterministic impulse 
model, model 1 ,  provides the poorest fit 
to the data, even when a stochastic com- 
ponent is added. This result is not sur- 
prising in light of the fact that the time 
series of extinction probability is nonsta- 
tionary (that is, no fixed mean), and 
there are both peaks of heightened prob- 
ability of extinction and peaks of dimin- 
ished probability of extinction; such data 
are in contradiction with model I .  Re- 
sults for the second type of model, model 
1 B,  assuming a fixed component of peri- 
odicity, also indicate a poor fit. These 
results suggest that the periodicity, if 
present, is changing in amplitude or 
phase, or both, and consequently cannot 
be adequately modeled by deterministic 
components. The best-fitting model for 
the series is the stochastic dynamic mod- 
el, model 2 (and 3), with a dominant 
periodicity at 3 1 million years (8). To  test 
the robustness of these conclusions, we 
also repeated the analysis with both a 
logit transformation and logarithm trans- 
formation for the series. In both cases 
the conclusions were the same. 

These results indicate that neither the 
deterministic impulse explanation nor 
the fixed cycle wave provides a consis- 
tent representation of the observed peri- 
odicity in both timing and magnitude of 
extinction. Hence, a hypothesis of strict 
determinism is rejected by the data. The 

5 15 25 35 
Geologic  s tage  

Fig. 1.  The observed time series of extinction 
probability (solid line) based on the Raup- 
Sepkoski (4) metric and the explanation of the 
series provided by model 3, Table 1 (dashed 
line). There are 39 geologic stages extending 
from the Late Permian to the Middle Miocene 
representing the interval of geologic time from 
253 to 11.3 million years. 

observed series can be represented ade- 
quately by an autoregressive process 
that displays a pseudoperiodic behavior. 
This strongly supports an interpretation 
that the history of extinction was a dy- 
namic phenomenon. 

We also would like to point out that 
endogenous periodic oscillations are a 
characteristic feature of equilibrium sys- 
tems such as  the system previously de- 
scribed for the diversification history of 
family-level taxa (10, 11). The simple 
logistic equation of diversification (11) 
can generate periodic behaviors in the 
known absence of an external forcing 
function. The resultant periodicity in the 

Table 2. Models for the entire Phanerozoic time series of extinction probability, based on the 
probabilities of extinction per stage; P2 refers to the same probabilities normalized for stage inter\ 
damping factor of the cycle. Other abbreviations are explained in Table 1 .  

rate of extinction is regular in temporal 
spacing but can be either homogeneous 
or  nonhomogeneous in the magnitude of 
the extinction peaks (12). Consequently, 
periodicity in a time series is insufficient 
evidence that a periodic external force is 
causally responsible. Causality must be 
evaluated with independent evidence, 
such as  the iridium anomaly coincident 
with the Late Cretaceous peak (13). 

There is also some empirical support 
for such an interpretation. We have com- 
piled origination data to complement the 
Raup-Sepkoski extinction data. The 
most obvious feature of the origination 
data are two "origination bumps" fol- 
lowing the massive Late Permian and 
Late Cretaceous extinction events; these 
bumps suggest that the severity of these 
extinctions allowed the rate of successful 
originations to substantially increase in 
the lagged recovery periods. If success- 
ful origination rate is depressed when 
diversity is high but is enhanced when 
diversity is low, then waves in extinction 
are predicted (14). Such waves would 
persist indefinitely if all families had the 
same duration, but, since duration times 
are variable, such waves would dampen. 
We suggest only that the interrelation- 
ship between origination and extinction 
bears additional analysis. 

To further investigate the source of the 
detected pseudoperiodicity, we next an- 
alyzed the series using Van Valen's (5) 
metric of extinction probability. The de- 
nominator (taxa at risk) in the Raup- 
Sepkoski data set excludes all marine 

use of the Van Valen metric (5). P ,  refers to 
,a1 length; Tis  the number of stages; and d is the 

Model Variance R2 Comments 

Part  B 
First division: In P 2  = 1.71 - 0.064t + ( 1  - 0.17B)-lar 

Paleozoic (7.5) (6.1) ( 1  .O) 

Second division: In P2 = 0.914 - 0.063t + ( I  - 0.38B)Itr ,  
Mesozoic-Cenozoic (2.3) (6.0) (2.5) 

Total In P2  = 1.75 - 0.066t + 1.671, + (1 - 0.30B)-'a, 
(8.2) (8.2) (4.6) (2.8) 

Cycles of T = 5.47. d = 0.75 
T = 8, d = 0.72 

No cycles 

No cycles 

Cycles 
T = 5.65, d = 0.75 
T = 9.46, d = 0.69 

No cycles 

No cycles 



families that persist beyond the Middle 
Miocene. Such a restriction is substan- 
tial. For  example, the Raup-Sepkoski 
data set excludes 64.9 percent of the 
Mesozoic-Cenozoic Bivalvia families, 
83.3 percent of the Mesogastropoda fam- 
ilies, and 95.4 percent of the Neogastro- 
poda families despite Sepkoski's (15) 
demonstration that Bivalvia and Gastro- 
poda are the dominant components of 
the Mesozoic-Cenozoic record of marine 
life. Such omissions are potentially sig- 
nificant when one is interested in draw- 
ing general conclusions regarding the 
history of life. Moreover, by causing the 
denominator to become increasingly 
small, one runs a risk that noise may be 
greatly magnified. Van Valen's denomi- 
nator, by contrast, includes nonextinct 
families and thereby provides a means of 
determining if the observed periodicity is 
robust to the metric of extinction proba- 
bility. 

The results of these analyses (restrict- 
ed for comparison to the Late Permian- 
Middle Miocene interval) indicate that 
the stochastic autoregressive model con- 
tinues to provide the best fit. The perio- 
dicity is still present and with the same 
cycle length of 31 million years when the 
Van Valen metric is substituted. Inter- 
estingly, the capacity of explanation of 
the stochastic autoregressive process in- 
creases significantly from R~ = 0.45 
with the Raup-Sepkoski metric to 
R2 = 0.71 (0.70 if the data are normal- 
ized by stage length) when the Van Va- 
len metric is used. The model is globally 
less robust, however. Deletion of the 
first observation (the Late Permian ex- 
tinction event) results in a second-order 
moving-average model, with no cycle at 
all, providing an almost equally good 
representation of the data (16). This ten- 
dency is even more clear when the data 
are normalized by length of the stage 
interval. 

Raup and Sepkoski (4) reported that 
periodicity was not detectable if the time 
window was expanded to include the 
-350 million years of the Paleozoic. To  
determine if this conclusion was robust, 
we expanded the series to examine the 
entire Phanerozoic record using Van Va- 
len's metric. Cyclicity in extinction 
probability is demonstrable. Time-series 
analysis with stochastic autoregressive 
models results in longer cycles (T  =5.47 
stages, model 1, Table 2A, or T = 5.65 
stages, model 4, Table 2A, if extinction 
probability is normalized by stage 
length). Models with fewer parameters 
(models 2, 3 , 5 ,  and 6, Table 2A), howev- 
er,  provide better fits and lack cycles. 
Such findings underscore Raup and Sep- 
koski's contention that the periodicity is 
best observed when geologic time is re- 

stricted to  the Late Permian (Dzhu1fian)- 
Middle Miocene interval. We have 
shown that this generalization is true 
regardless of whether deterministic or 
stochastic models are used. Within this 
interval of geologic time, however, the 
periodicity determined with the use of 
stochastic models remains fixed at  31 
million years, regardless of the alterna- 
tive metrics of extinction probability. 

Van Valen's (5) major contention, uti- 
lizing the entire Phanerozoic record, was 
that the probabilities of extinction had a 
bipartite distribution: the probability of 
extinction decreased regularly through- 
out two divisions of the Phanerozoic (the 
Paleozoic and the Mesozoic-Cenozoic), 
but the slope of this decrease was higher 
in the latter division. Van Valen obtained 
this result by fitting regression lines to 
each division of the Phanerozoic. Be- 
cause these data are strongly autocorre- 
lated, a time-series analysis is more ap- 
propriate and yields quite different re- 
sults. Model 3 (Table 2A) indicates that 
the entire Phanerozoic series (17) can be 
well represented as  the addition of a 
decreasing linear trend and an autocorre- 
lated component. Similar effects are 
shown when the data are normalized. 
Table 2B shows the result of applying a 
covariance analysis of the time series to 
test if the deterministic component that 
represents the rate of decrease in the 
probability of extinction is actually the 
same for both divisions. The two slopes 
estimated are the same (0.064). Hence, 
there is no doubt about the permanency 
of the observed decrease, a finding con- 
trary to Van Valen's principal result. 
Such a decrease is consistent, however, 
with the result of an earlier report by 
Raup and Sepkoski (18) and their specu- 
lation of progressive change in evolu- 
tionary dynamics. What is also observed 
is that the autoregressive component 
that measures the inertia of the system 
increases when one compares the first 
division of Phanerozoic time to the sec- 
ond, indicating more stable biotic re- 
sponses to post-Paleozoic environments. 
The history of the probability of extinc- 
tion for the entire Phanerozoic conse- 
quently can be modeled as  the sum of 
three terms: (i) an exponential decrease 
in the probability of extinction that oc- 
curs uniformly over the whole Phanero- 
zoic, with a relative reduction of 6.6 
percent per stage; (ii) a step-effect, 
which describes an event in the Late 
Permian that produced a substantial in- 
crease in the probability of extinction; 
and (iii) a stochastic component that 
reflects the inertia in the system and 
follows a first-order model. 

In summary, our results show that a 
stochastic autoregressive process pro- 

vides a better description than a deter- 
ministic process of the pseudoperiodicity 
in temporal spacing of extinction peaks 
and the variability in their magnitudes. 
Consequently, we must broaden our at- 
tention to include endogenous causes of 
periodicity, and we must continue the 
search for independent evidence of exog- 
enous causes. Second, we have shown 
that the periodicity is robust to an alter- 
nate metric of extinction probability but 
steadily weakens when the series is nor- 
malized by stage interval length or  is 
extended to include the whole Phanero- 
zoic. However, the entire Phanerozoic 
record can be well represented as  the net 
effect of an exponentially decreasing rate 
of extinction plus an autocorrelated com- 
ponent. Third, the hypothesis suggested 
in the literature (5) of a change in the 
deterministic decrease of the rate of ex- 
tinction has been tested and rejected and 
a model has been built that allows a 
simpler interpretation of the evolution of 
life. Over Phanerozoic time, the slope of 
extinction rate has remained constant, 
whereas-as evidenced by increased au- 
tocorrelation-the stability of the biotic 
system has increased. 
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Covariance Patterns of Foraminifera1 ~"0: An Evaluation 
of Pliocene Ice Volume Changes Near 3.2 Million Years Ago 

Abstract. Oxygen isotope data for a Pliocene interval from 3.6 to 2.8 million years 
ago show a mean increase (0.5 per mil) of benthic 6180 at about 3.2 million years 
ago, whereas planktic 6180 does not increase. This lack of covariance indicates that 
the event at 3.2 million years did not result in a permanent increase in the ice budget 
of either the Northern or the Southern Hemisphere. 

The history of continental ice sheets 
and their effect on the composition and 
climates of the ocean is a pervasive 
theme in paleoceanography. For exam- 
ple, within the Neogene, much of the 
evidence for the magnitude and timing of 
the initiation of major ice sheets in the 
Northern Hemisphere has come from 
analysis of the stratigraphy of ice-rafted 
deep-sea sediments (1, 2) and increased 
6'" of benthic foraminifera (3, 4). Al- 
though the first major glaciation in the 
Northern Hemisphere has traditionally 
been placed in the Pliocene ( 3 ,  some 
investigators have suggested that ice 
sheets were present as early as  the late 
Miocene (6). In this report I examine the 
oxygen isotope evidence for major glaci- 
ation at  3.2 million years ago (Ma) a date 
often cited for the initiation of Northern 
Hemisphere glaciation (1-5). 

Prior to the availability of Deep Sea 
Drilling Project (DSDP) hydraulic piston 
cores. the highest quality oxygen isoto- 
pic record relevant to the question of 
Pliocene glaciation was that of core V28- 
179 from the equatorial Pacific (7). At 
approximately 3.2 Ma, this record con- 
tains a steplike increase of about 0.4 per 
mil in the average 6180 of benthic fora- 
minifera. This baseline shift separates an 
interval of low variability and relativeiy 
low isotopic values, called the "pregla- 
cia]" Pliocene, from an interval of higher 
and variable isotopic values (the "gla- 
cial" Pliocene) ( 7 ) .  The increased 6180 
values were interpreted to indicate in- 
creased 6180 of the ocean due to the 
presumed initiation of Northern Hemi- 
sphere ice volume. With one apparent 
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exception (2), this pattern of benthic 
6180 is widely observed in all oceans (3, 
4). A subsequent increase in the mean 
6180 at  about 2.4 Ma has recently been 

Time 

Fig. 1 .  Schematic records of planktic (P) and 
benthic (B) foraminiferal 6180. A steplike 
change in mean 6180 is imposed on the normal 
variability, which is simulated by frequency 
components that are observed in paleoceano- 
graphic data. The low-latitude planktic record 
is simulated by a combination of 0.023-Ma 
(precession) and 0.041-Ma (tilt) cycles. The 
benthic record is simulated by the 0.041-Ma 
tilt cycle, which is predominant at high lati- 
tudes. Comparison of the P and B records 
shows the patterns expected from an increase 
in ice volume (a), a decrease in sea-surface 
temperature (b), and a decrease in bottom- 
water temperature (c). The pattern of covaria- 
tion of P and B records allows one to distin- 
guish between ice volume changes and other 
processes. 

correlated with the onset of major ice 
rafting on Rockall Bank in the North 
Atlantic (2, 7). This 2.4-Ma isotopic 
event is also clearly recorded, although 
with lower amplitude, in a detailed 
planktic isotopic record from the equato- 
rial Pacific (DSDP site 572) (8). 

If these mean 6180 increases (9) do 
represent a greater average volume of 
continental ice sheets, the isotopic com- 
position of the entire ocean should 
be increased. Therefore, the change in 
mean 6180 observed in benthic records 
should also be observed in the average 
6180 of surface-dwelling planktic forami- 
nifera. At the 2.4-Ma event, the planktic 
and benthic 6180 records do covary. 
However, preliminary data suggest that 
planktic and benthic 6180 data do not 
covary across the 3.2-Ma event. I exam- 
ine here simple models of foraminiferal 
isotopic variations and new data to iden- 
tify the pattern of covariation between 
the planktic and benthic 6 " 0  data before 
and after 3.2 Ma. 

Conceptual models for the expected 
covariation between low-latitude benthic 
and planktic 6180 records are shown in 
Fig. 1 for three plausible changes in the 
ocean-climate system. An increase in 
oceanic 6180, due to increased ice vol- 
ume, would increase both records equal- 
ly, yielding covariation (Fig. la).  A de- 
crease in local sea-surface temperature 
would increase planktic 6180 but would 
not affect the benthic 6180 record (Fig. 
lb).  A decrease in bottom-water tem- 
perature would increase the benthic 6180 
but would not affect the planktic record 
(Fig. lc).  The 6180 effect of these vari- 
ous processes may be estimated at about 
0.23 per mil per degree Celsius (lo), 0.11 
per mil per 10 m sea level equivalent 
( II) ,  and 0.11 to 0.29 per mil of salinity 
(12). Hence, the relative amplitude of 
these processes can be considered in the 
context of the three conceptual patterns 
of planktic-benthic 6180 covariation. 

To define the degree and pattern of 
benthic-planktic 6180 covariance in the 
"preglacial" to "glacial" Pliocene, I 
compared isotopic time series over the 
interval from 3.6 to 2.8 Ma. This 0.8- 
million-year interval includes a signifi- 
cant length of record before and after 
the 3.2-Ma event so that reliable statis- 
tics can be calculated to characterize 
changes in the mean 6180. Figure 2 com- 
pares a representative benthic record 
(core V28-179) with planktic records 
from DSDP site 502 (Caribbean Sea), 
DSDP site 572 (equatorial Pacific), 
DSDP site 573 (equatorial Pacific), V28- 
179 (equatorial Pacific), and V20-163 (In- 
dian Ocean) (13). All isotopic data were 
generated in the Benedum Stable Isotope 
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