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EVIDENCE OF HIERARCHICAL ORGANIZATION IN THE PLANKTIC
FORAMINIFERAL EVOLUTIONARY RECORD

R. TIMOTHY PATTERSON1, ANTHONY D. FOWLER2, AND BRIAN T. HUBER3

ABSTRACT

The Wavelet Transform was used to analyze the evo-
lutionary record of planktic foraminifera to distinguish
specific structure not previously resolvable. Both the spe-
ciation and extinction wavelets are characterized by a
major singularity at the Cretaceous-Tertiary (K-T)
boundary, when there was a total breakdown in the in-
terconnectedness of ecosystems related to sharply re-
duced diversity following the Chicxulub impact event.
The speciation wavelet is also characterized by an inter-
val consisting of a hierarchical array of five orders of
bifurcation, which are related to repeated iterative ra-
diation of species from the Albian to Maastrichtian.
These planktic foraminiferal extinction patterns were re-
lated to quasi-periodic orogenic cycles of the Cretaceous
that, in turn, produced episodic mantle CO2-degassing,
oceanic volcanism and anoxia, and sea level fluctuta-
tions. We hypothesize that the hierarchical structure ob-
served is a reflection of this process in an otherwise sto-
chastic system.

INTRODUCTION

Our understanding of evolutionary processes is in large
part based upon the paleontological record. A central as-
sumption of paleontological analysis is that a time series
composed of paleontological evolutionary data reflects un-
derlying evolutionary processes. Unfortunately, error intro-
duced by imperfect sampling, variable fossil preservation,
and the coarse resolution of geologic time often frustrates
efforts to reconstruct complete evolutionary clades (Signor
and Lipps, 1982). Planktic foraminifera have one of the best
stratigraphic records of any fossil group (Fig. 1; Berggren
and Casey, 1983; Jablonski and others, 1986). They are very
abundant, particularly in deep-sea oozes where they may
comprise the bulk of the sediment, often in very long and
complete stratigraphic sequences. Additionally, their diver-
sity and wide temporal and geographic ranges make them
ideally suited to evolutionary studies. Consequently, the
data of extinction and speciation of planktic foraminifera
have been subjected to diverse methods of statistical anal-
ysis (Benton, 1990; Pearson, 1992). Here we employ the
Wavelet Transform for the analysis of planktic foraminiferal
evolutionary data to distinguish specific structure not pre-
viously resolvable.

It has been previously demonstrated, using nonlinear pre-
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dictor methods (Fowler and Roach, 1993), that the extinc-
tion record of planktic foraminifera displays evidence of
self-organization, with speciation apparently occurring at
random (Patterson and Fowler, 1996). The deterministic re-
sults for extinction were interpreted to be due to cross-link-
ing (i.e., interconnectedness of species niches) in ecosystem
space. In contrast, speciation appears to be random, reflect-
ing perhaps either random walks generated by genetic drift,
or the variable concentration of species in n-dimensional
niche space, particularly following mass extinctions (Patter-
son and Fowler, 1996). Fourier analysis of these same data
(Solé and others, 1997) have been interpreted to show evi-
dence of l/f noise (i.e., possibly indicative of self organized
criticality), but the results are ambiguous (Kirchner and
Weil, 1998). In contrast, the Wavelet Transform used here
reveals the scaling behavior of the set, from which infor-
mation about its construction rules may be gleaned.

Discussion has centered on the utility of extinction sta-
tistics for the fossil record (Conner, 1986; Kirchner and
Weil, 1998; Foote, 2003). Indeed, they are not perfect re-
cords, and are subject to interpretation. The fossil record
was not created for spectral analysis and is poorly suited to
it. However, some complications affecting the interpretation
of geological sets by Fourier analysis, such as the poor res-
olution of geologic time and the non-constancy of the sam-
pling interval, do not hamper wavelet analysis. Obviously,
nothing can be done to improve the preservation of the re-
cord. Nevertheless, scaling analysis using the Wavelet
Transform provides us with information about the construc-
tion history of planktic foraminiferal evolution not available
through other techniques.

METHODS

Based on the descriptions of 1654 planktic foraminiferal
species, subspecies and variants provided by Ellis and Mes-
sina (1940, and yearly supplements), Patterson and Fowler
(1996) rejected synonyms and intraspecies variants, as well
as poorly documented forms and those forms with indeter-
minable stratigraphy. After also consulting the wide bio-
stratigraphic literature on the group, they constructed a
planktic foraminferal biostratigraphic database that was sub-
sequently used in several other research studies (Solé and
others, 1997; Kirchner and Weil, 1998; Prokoph and others,
2000, 2001). For this study, we have modified this database
in light of recent advances in planktic foraminiferal taxon-
omy and biostratigraphy (Appendix 1). For example, newer
Paleocene, Eocene and Oligocene planktic foraminiferal tax-
onomy range lists are now included in our database (e.g.,
Pearson, 1998; Olsson and others, 1999; see Appendix 2 for
complete list of taxonomic and biostratigraphic references
used). In addition, some taxa which were supposed to have
survived the K/T boundary are now known to be reworked
specimens from the Cretaceous (Kaiho and Lamolda, 1999;
Norris and others, 1999).
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FIGURE 1. A. The number of planktic foraminiferal species from
the Jurassic through Recent as defined by speciation and extinction
events. Jurassic and earliest Cretaceous planktic foraminiferal data
(patterned area) were not used in the study due to low species abun-
dances and poorly defined evolutionary horizons (modified from Pat-
terson and Fowler, 1996). B. Percent planktic foraminiferal extinctions
per event. C. percent planktic foraminiferal speciations per event.

FIGURE 2. The Wavelet Transform space of scale vs. time for a
multiplicative cascade consisting of 128 data points. Figures 2, b, c, d,
and e show the evolution of the multiplicative cascade and the absence
of the middle third at each iteration (see text). Figure f is the so-called
‘‘devil’s staircase’’, the integration of the cascade. Figure g is the
Wavelet Transform of the devil’s staircase.

We have taken a more conservative approach to planktic
foraminiferal taxonomy than Patterson and Fowler (1996),
as a closer examination of the literature revealed that tax-
onomic over-splitting and use of synonyms is present even
in the major references. The number of species utilized by
Patterson and Fowler (1996) was 662 species, whereas the
database used here consists of 490 species of planktic fo-
raminifera distributed through 206 extinction and speciation
horizons, as determined from our literature survey, from the
Barremian to Recent (Fig. 1; Appendix 1, 2). We realize
that removal of invalid species is a somewhat subjective
process. This is especially true for planktic foraminifera,
where instances of phyletic gradualism and morphospecia-
tion abound (e.g., Kennet and Srinivasan, 1983; Pearson
1998). However, we feel that our reduced database accu-
rately reflects the evolutionary trends within the group.

Relative extinction rates in previous studies (Patterson
and Fowler, 1996; Solé and others, 1997; Kirchner and Weil,
1998; Prokoph and others, 2000, 2001) as well as the pre-
sent one were calculated by division of the number of spe-
cies becoming extinct through a distinct interval by the
number of species that occur in the preceding stratigraphic
interval. Similarly, the relative speciation rate was calculat-
ed by dividing the number of species originating through a
distinct interval between two stratigraphic levels with the
total number of species occurring at the top of the interval.

This approach is ideal for the analytical methods used in
the study, as it adds no persistence (i.e., mathematical arti-
facts) to the evolutionary record.

The Wavelet Transform WT analyzes series by convolving
the data x of the series with a family of wavelet functions
W that have zero integral, are finite and are centered about
zero, producing a space WT(«, P) of scale « and time or
position Px (Kaiser, 1994):

WT(«, x) 5 1/«# S(x)W(x 2 x0/«)dx, « . 011
21

The family of wavelet functions consists of scaled versions
of the original. In this work, we use the second derivative
of the Gaussian probability density function, the so-called
Mexican Hat wavelet, because of its regularity (Kaiser,
1994). Scanning capability is provided by the numerator
term (x 2 x0), which positions our measurement about X.
Scaling is provided by variations of «.

The utility of the Wavelet Transform can be appreciated
through analysis of a multiplicative cascade (Arneodo and
others, 1988; Plotnick and Sepkoski, 2001), a multifractal
or hierarchically organized set produced by the repetitive
application of simple arithmetic rules over a chosen number
of scales (Fig. 2). For this example, a box having the value
‘‘1’’ assigned to it is divided into thirds (Fig. 2a). Each third
is multiplied by one of three factors and assigned to the
resulting box. The multiplication factor used for the middle
third in the illustrated example (Fig. 2) is zero, whereas the
two other multiplication factors are 0.5. The original divi-
sion and multiplication process was repeated on successive
generations of sub-boxes (Fig. 2b, c, d) until the desired
level of detail was reached (Fig. 2e). The result when in-
tegrated (Fig. 2f) is often referred to as the devil’s staircase
(Mandelbrot, 1982). The middle thirds are flat in the inte-
gration, a reflection of the fact that it’s multiplication factor
was zero. The integration of the devil’s staircase signal with
the wavelets as expressed in the equation shows the local
maximum in the WT.



87PLANKTIC FORAMINIFERAL EVOLUTION

FIGURE 3. A. The Wavelet Transform space of the data of planktic
foraminifera speciation. Note the bright area, a singularity, correspond-
ing to the mass extinction event of the Cretaceous-Tertiary boundary.
Hierarchical organization is particularly evident in the Cretaceous. B.
(inset) This enlargement of a nested structure shows five orders of
bifurcation within the Aptian–Maastrichtian portion of the Wavelet
Transform.

FIGURE 4. The Wavelet Transform space of the data of planktic
foraminiferal extinction. Note the bright area, a singularity, correspond-
ing to the mass extinction event of the Cretaceous-Tertiary boundary.

FIGURE 5. The Wavelet Transform analysis of the shuffled data of
planktic foraminiferal extinction. The shuffling process preserves the
nature of the distribution but randomizes the sequence. Unlike the WT
space of the unshuffled data, nested loops do not occur over many
scales and evidence of hierarchical scaling is destroyed in the shuffling.
For example, the major K-T event, where there were very few surviv-
ing species, has been diminished in intensity and displaced in the se-
ries.

An extraordinary feature of the Wavelet Transform is that
it yields a useful means for monitoring the evolution of such
structures through scale. In essence, the Wavelet Transform
allows us to scan the devil’s staircase for structure at pro-
gressively finer and finer scale. This allows one to infer
information on the underlying structure or scaling within the
signal. The integration of the devil’s staircase signal S(x),
with the wavelets as expressed in the equation, allows anal-
ysis of the signal with scale and position (x). The local max-
imum of the wavelet transform space is plotted as a function
of scale and position in Figure 2g. Each bifurcation (i.e.,
pitchfork branching) delineates the multiplicative evolution
of the non-zero thirds at each scale. Note that the space is
characterized by a nested branching structure over a large
range of scale and that the ‘‘empty’’ third is clearly visible
at each scale. The branching structure reflects hierarchical
linkages used to construct the set. Thus, the Wavelet Trans-
form captures the hierarchical organization, that is, infor-
mation about the construction rules of the set. As such, the
figure shows the spatial interrelationship of the structure at
various scales. The wavelet transform is a remarkably useful
method for investigating scaling within signals. Consequent-
ly, we apply the technique to the data of the planktic fora-
minifera to detect any hierarchical order in their fossil evo-
lutionary signal.

RESULTS

The Wavelet Transform space of planktic foraminiferal
speciation data is shown in Figure 3A. The figure is domi-
nated by two primary features: a major discontinuity or sin-
gular event at the K-T boundary, and an interval of hier-
archical structure form the late Albian to mid-Maastrichtian,
particularly for the Cenomanian to Campanian (see inset
3B). The singular event corresponds with the K-T mass ex-
tinction event, now widely accepted to have been caused by

the Chicxulub bolide impact (Hildebrand and others, 1991).
The nested structures are interpreted to represent bifurca-
tions related to adaptive radiations of planktic foraminiferal
species. Five orders of bifurcation occur from the late Al-
bian to mid-Maastrichtian. This hierarchical structure in the
Cretaceous speciation record corresponds well with known
intervals of maximum diversity or major adaptive radia-
tions, especially the late Albian, mid-late Cenomanian, late
Turonian and mid-Maastrichtian (Hart, 1990). These inter-
vals are separated by intervals when species diversity, and
thus species-species interactions, were reduced.

Figure 4 shows the Wavelet Transform space of the ex-
tinction data. As with the speciation results, this figure is
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dominated by the singular event at the K-T boundary. In
addition, the major, yet prolonged, planktic foraminiferal ex-
tinction through the Eocene-Oligocene boundary is indicat-
ed by a smaller discontinuity. Figure 5 shows the Wavelet
Transform space of the extinction data after it has been shuf-
fled, thus preserving the distribution but destroying the or-
der. In contrast to the results obtained from analysis of the
actual evolutionary data (Fig. 3, 4), the analysis of this sig-
nal shows only very limited branching structure, and only
at the smallest scales.

DISCUSSION

We interpret the Wavelet Transform results to show evi-
dence of hierarchical organization within both the extinction
and speciation records of planktic foraminifera. Previously
using nonlinear prediction techniques, Patterson and Fowler
(1996) had interpreted the speciation record to be random
in its organization, reflecting evolutionary drift and/or weak
species-species interactions following extinction episodes.
We still conclude that the overall speciation process is sto-
chastic, but it seems that under ideal stable oceanographic
conditions, like those occurring periodically through the
Cretaceous, planktic foraminifera were able to speciate in a
hierarchical manner into progressively more finely subdi-
vided niche space (Hart, 1990). The iterative mode of spe-
ciation displayed by planktic foraminifera through much of
the Cretaceous provides an explanation for the observed hi-
erarchy.

Through their long evolutionary record, planktic forami-
nifera are known to have employed only a limited number
of strategies in terms of test structure, morphology, and or-
namentation. Many of these characters have made repeated
appearances in the geologic record. During the Cretaceous,
there was also a repeated evolution of keeled forms from
their primitive, unkeeled, globular ancestors. Foraminifera
speciated by progressively invading deeper levels of the wa-
ter column and subdividing it into tiered habitats (Tur,
1996). Although not a complete generality (Huber and oth-
ers, 1995; Norris and Wilson, 1998; Price and Hart, 1999),
the common pattern during climax community development
was for thin-shelled, spinose forms to inhabit surface waters,
with more robust, keeled forms characterized by more com-
plex life cycles inhabiting deeper environments.

With the onset of each environmental crisis, the more
highly evolved taxa disappeared, leaving globular taxa
adapted to fluctuating environments. As conditions stabi-
lized, the evolutionary process was reiterated. Each evolu-
tionary expansion terminated at an extinction event, fol-
lowed by recolonization of the water column by the surviv-
ing generalists (Hart, 1990; Tur, 1996).

Prokoph and others (2000, 2001) have argued that the
quasi-periodic orogenic cycles of the Cretaceous that, in
turn, produced episodic mantle CO2-degassing, oceanic vol-
canism and anoxia, and sea level fluctuations, forced a 30-
million-year planktic foraminiferal extinction pattern. For
example, these episodes of mantle convection and magnetic
reversals every 30 million years that occurred in the Cre-
taceous (e.g., Loper and others, 1988) resulted in episodes
of widespread volcanism and climate cooling. Deep-water
planktic foraminiferal species were more affected by these

environmental changes, especially fluctuating oxygen-min-
imum zones (Hart, 1980, 1990), whereas the shallow-water
species were more resistant. We believe that the hierarchical
structure we observe (e.g., the break at the Cenomanian-
Turonian boundary) is a reflection of this process, although
the system is stochastic at shorter time scales.

Our previous results indicated evidence of overall self-
determination for the extinction record of planktic forami-
nifera. The singular event dominating both the extinction
and speciation data at the K-T boundary indicates that in-
tervals of non-determinism can be recognized for that record
as well. The total break between the wavelet hierarchy of
the Cretaceous and Tertiary underlines the severity of that
crisis for planktic foraminifera and the total breakdown in
interconnectedness of ecosystems that this massive reduc-
tion in diversity caused.

Based on these new results using the Wavelet Transform,
we interpret the planktic foraminiferal evolutionary record
of both extinction and speciation to be hierarchically orga-
nized at small and large time scales, though disrupted pe-
riodically by internal mechanisms (e.g., paleoceanographic
changes through the Cretaceous) and occasional external
mechanisms (e.g., the Chicxulub bolide impact at the K-T
boundary).
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APPENDIX 1

Biostratigraphic distribution of 490 species of planktic foraminifera utilized in the wavelet analysis.
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Appendix 1. Continued.



92 PATTERSON, FOWLER, AND HUBER

Appendix 1. Continued.
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Appendix 1. Continued.
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Appendix 1. Continued.
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Appendix 1. Continued.
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