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The extinction of the Morozovella velascoensis lineage, a
group of planktonic foraminifera that dominated tropical
assemblages for ;6.3 m.y., is investigated using an upper
Paleocene/lower Eocene section from the central Pacific
Ocean (ODP Site 865). Uppermost stratigraphic occurrenc-
es of the lineage consist solely of diminutive M. edgari, a
species roughly half the size of its ancestor, M. velascoensis.
Eigenshape analysis indicates that adult specimens of M.
edgari are morphologically similar to small, presumably ju-
venile, forms of M. velascoensis. The overall stratigraphic
succession, where the uppermost occurrences of a lineage
are represented by relict populations of minute, juvenilized
forms, is consistent with a process called ‘‘terminal progen-
esis.’’ Various lines of evidence indicate that stress-induced
size reduction foreshadowed the extinction of other plank-
tonic foraminiferal lineages as well.

The ecological cause(s) for the extinction of ancestral M.
velascoensis is unclear. Stable isotopic evidence for a pro-
gressive deterioration of algal symbiosis was not detected.
Specifically, none of the individually-analyzed shells of M.
velascoensis were depleted significantly in 13C, nor was
there a decrease in the covariance of the d13C/size relation-
ship.

Planktonic foraminiferal d18O values exhibit a subtle in-
crease over the stratigraphic interval in which the M. edgari
extinction is recorded. This inferred tropical cooling ap-
pears to be correlative with terrestrial records of cooling
from the North American continental interior and north-
western Europe. Thus, it is postulated that climatic varia-
tion during the earliest Eocene (;54.02Ma) played a signif-
icant role in shaping biodiversity in the pelagic realm, seal-
ing the doom of the declining M. velascoensis lineage.

* Current address: Department of Geology and Geophysics, Univer-
sity of Wisconsin, Madison, WI 53706.

INTRODUCTION

During the late nineteenth and early twentieth centu-
ries, paleontologists commonly considered large body size
and excessive skeletal ornamentation to be signs of immi-
nent extinction. Beecher (1898) proposed that the appear-
ance of ornate, spinose morphologies indicated the ad-
vanced stages of racial senescence; Lull (1921) referred to
this form of degeneracy as ‘‘spinescence.’’ Given this his-
torical bias, it is unsurprising that racial senescence has
been invoked (Blow, 1979) to explain the iterative evolu-
tion and extinction of ornate members of the planktonic fo-
raminiferal genus Morozovella. The species M. velascoen-
sis easily is distinguished from other Paleocene planktonic
foraminifera owing to its relatively large size and exagger-
ated skeletal ornamentation (Fig. 1A-C). The last appear-
ance datum (LAD) of a distinctive morphotype like M. ve-
lascoensis constitutes an unequivocal biostratigraphic da-
tum, one that micropaleontologists have used to identify
the Paleocene/Eocene boundary (e.g., Bolli, 1957; Stain-
forth et al., 1975; Blow, 1979; Boersma et al., 1987; Berg-
gren and Miller, 1988: Berggren et al., 1995). Ironically,
the biostratigraphic utility of the M. velascoensis LAD has
reinforced the notion that the M. velascoensis clade termi-
nated with the extinction of its nominate taxon. Thus, M.
velascoensis has been considered the culmination of a di-
rectional evolutionary trend, and as such, a phylogenetic
dead end (e.g., Bolli, 1957; Berggren, 1968, 1969; Subboti-
na, 1971).

Aside from its biostratigraphic significance, the extinc-
tion of M. velascoensis has received little attention in the
literature. This is surprising because M. velascoensis is the
root species of a diverse lineage that colonized the oceanic
mixed-layer throughout the tropics and subtropics for the
entirety of the late Paleocene (61.0–54.7 Ma). In fact, M.
velascoensis is the immediate ancestor to at least four sep-
arate morozovellid species, with the evolutionary origins
of two other species being linked indirectly to M. velas-
coensis (Kelly et al., 1998; Olsson et al., 1999; Premoli Sil-
va and Bolli, 1973). Thus, the demise of M. velascoensis
and its immediate line of descent constitute a milestone in
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FIGURE 1—Scanning electron micrographs of two morozovellid spe-
cies from the central Pacific Ocean (ODP Hole 865B). (A-C) Moro-
zovella velascoensis (102.35 m): umbilical view (A), spiral view (B),
and edge view (C). (D-F) Morozovella edgari (95.70 m): umbilical view
(D), spiral view (E), and edge view (F).

the evolutionary history of the Early Paleogene planktonic
foraminifera. Here, parallel morphometric and stable iso-
topic analyses, as well as scanning electron microscopy,
have been employed to investigate the extinction of M. ve-
lascoensis and the morphological responses associated
with the demise of its lineage. In doing so, background ex-
tinction in the pelagic realm can be related to ocean-cli-
mate change.

A Working Phylogeny

An alternative view of the M. velascoensis extinction
emerged with the formal recognition of Morozovella edgari
(Fig. 1D-F). In their description of the holotype, Premoli
Silva and Bolli (1973) suggested that M. edgari evolved
from M. velascoensis. At first glance, this evolutionary
transition seems to represent a striking morphological
transformation (see Fig. 1). The shells of both taxa are
pustulate, but fully-developed morphotypes of M. velas-
coensis are excessively ornate. The pustules on M. velas-
coensis are concentrated atop the umbilical tips of the
chambers (Fig. 1A), aggregated along the intercameral su-
tures on the dorsal side of the shell (Fig. 1B), and clustered
about the shell peripheral margin forming a ragged keel

(Fig. 1C). In contrast, shells of M. edgari (Fig. 1D-F) are
rather nondescript and, as noted by Premoli Silva and Bol-
li (1973), only about half the size of M. velascoesnsis.

Inspection of size-segregated populations reveals that
the frequency of ornate M. velascoensis shells decreases in
the finer size fractions (125–250 mm). In fact, ornate shells
are absent altogether in size fractions smaller than 125
mm. The paucity of ornate forms in the smaller size frac-
tions of samples containing large, distinctive M. velascoen-
sis indicates that morphology is dependent upon shell size.
Ontogenetic studies have shown that patterns of size-de-
pendent shape variation, or allometry, are common among
modern planktonic foraminifera (e.g., Bé, 1980; Sverdlove
and Bé, 1985; Brummer et al., 1987).

The presence of an allometry (Fig. 2A-D) in M. velas-
coensis has important phylogenetic implications. Tracing
this allometry through successive size fractions reveals
that small shells of M. velascoensis (Fig. 2D) resemble M.
edgari (Fig. 2E) in their weakly-developed keels and ab-
sence of pustulate umbilical collars. Furthermore, the
shells of small M. velascoensis (Fig. 2B-D, left) are coiled
more tightly than their larger counterparts (Fig. 2A, left).
The tightly coiled spiral of smaller M. velascoensis shells
results in a constricted umbilicus, another feature remi-
niscent of M. edgari (Fig. 2F, left). The gross morphologi-
cal similarity between M. edgari and small specimens of
M. velascoensis also can be viewed by sectioning a large,
fully-developed specimen of M. velascoensis (Fig. 3A). In
cross-section (Fig. 3B), the outline of the inner, juvenile
portion of the M. velascoensis shell bears a strikingly re-
semblance to the edgewise profile of M. edgari (Fig. 3C).

The stratigraphic distributions of M. edgari and M. ve-
lascoensis support taxonomic differentiation of the two
morphotypes. In the Caribbean Sea (DSDP Site 152), Pre-
moli Silva and Bolli (1973) recorded the lowermost strati-
graphic occurrence of M. edgari well above the M. velas-
coensis FAD and noted that populations of M. edgari were
found some 15 meters upsection from the M. velascoensis
LAD. Thus, according to the phylogeny of Premoli Silva
and Bolli (1973), the final stages of decline in the M. velas-
coensis lineage are represented by diminutive M. edgari.

Toumarkine and Luterbacher (1985) retained M. velas-
coensis as an evolutionary dead end by assigning M. ed-
gari to a separate lineage. Under their phylogenetic
scheme, M. edgari is presumed to have evolved from M.
aequa. The wall textures of M. edgari and M. aequa seem
to support this hypothetical lineage. Pustules are distrib-
uted evenly over the shell surfaces of both M. edgari (Fig.
4A-B) and M. aequa (Fig. 4C), as opposed to being clus-
tered about the shell extremities as on M. velascoensis
(Fig. 4D). However, these wall textural differences are
observed only when M. edgari is compared to large, fully-
developed specimens of M. velascoensis. This is not the
case when M. edgari is compared to small specimens of
M. velascoensis. Like M. edgari, small specimens of M. ve-
lascoensis (Fig. 4E) have pustules dispersed evenly over
their shells. Thus, pustules become concentrated about
the shell extremities only during the later developmental
stages of M. velascoensis. Similar size-dependent pat-
terns of morphological and wall textural variation have
been noted in other morozovellid species (e.g., Kelly et al.,
1996, 1999).

Other lines of morphological evidence point toward M.
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FIGURE 2—Assortment of size-segregated specimens from various locales summarizing the basic relationship between shell shape and size
in M. velascoensis (A-D) and M. edgari (E). Specimen orientations are: umbilical view (left), spiral view (middle), edge view (right). All scale
bars 5 100 mm. Specimens used to illustrate M. velascoensis shape/size covariance are from late Paleocene (foram Zone P4) sediments
recovered in the Indian Ocean (ODP Hole 758A, 268.60 m), except large specimen (A) shown in umbilical and spiral views (foram Zone P5,
ODP Hole 865B–102.35 m, central Pacific). (E) Topotype of M. edgari from an early Eocene (foram Zone P6a) sample that postdates the
extinction of M. velascoensis and recovered at DSDP Site 152 (Core 3–5, 21–23 cm) in the Caribbean Sea. Also note gross morphological
similarity between small-sized M. velascoensis (D) and M. edgari (E).

velascoensis as the ancestor of M. edgari. The equatorial
outline of M. aequa is strongly lobulate, while it is relative-
ly smooth in both M. edgari and small-sized M. velascoen-
sis (see Fig. 4). Furthermore, both M. edgari and M. velas-
coensis coil preferentially in the sinistral direction
(; 95%), while M. aequa and its line of descent predomi-
nantly are coiled dextrally (see Bolli, 1957; Premoli Silva
and Bolli, 1973). Norris and Nishi (2001) found similar
evolutionary trends in the coiling ratios of morozovellids
from the tropical Pacific (ODP Site 865). In light of these
observations, it is clear that M. edgari evolved from the M.
velascoensis group, and the phylogeny proposed by Pre-

moli Silva and Bolli (1973) is favored in the present work.
Thus, some of the interpretations in this report are predi-
cated upon the derivation of M. edgari from M. velascoen-
sis.

MATERIALS AND METHODS

The transition from Morozovella velascoensis to M. ed-
gari is recorded in foraminiferal- nannofossil oozes recov-
ered from Ocean Drilling Program (ODP) Site 865. This
site is located atop Allison Guyot (188269N, 1798339W) in
the Mid-Pacific Mountains (Sager et al., 1993). Paleolati-
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FIGURE 3—Scanning electron micrographs showing similarity be-
tween edge-wise profiles of inner, juvenile chambers of Morozovella
velascoensis and adult M. edgari. All specimens from central Pacific
(ODP Hole 865B). (A) M. velascoensis (102.35 m) in edge view; (B)
backscatter electron emission image of cross-sectioned M. velas-
coensis (102.35 m) in edge view; (C) M. edgari (95.70 m) in edge
view.

FIGURE 4—Representative specimens of Morozovella edgari (A, B),
M. aequa (C), large M. velascoensis (D), and small M. velascoensis
(E). Specimens of M. edgari from early Eocene samples (foram Zone
P6a) that postdate the extinction of M. velascoensis. (A) Topotype of
M. edgari from DSDP Site 152 (Core 3–5, 21–23 cm) located in the
Caribbean Sea. (B) M. edgari from ODP Hole 865B (95.70 m). (C) M.
aequa from late Paleocene (foram Zone P4) in Indian Ocean (ODP
Hole 758A, 263.40 m). (D) Large, adult M. velascoensis from late
Paleocene (foram Zone P3b/P4) in Indian Ocean (ODP Hole 758A,
281.30 m). (E) Small M. velascoensis from late Paleocene (foram
Zone P4) of Indian Ocean (ODP Hole 758A, 268.60 m). All scale bars
5 100 mm.

tude projections position the study area at approximately
58N latitude during the late Paleocene (Bralower et al.,
1995). Estimates based on benthic foraminiferal assem-
blages suggest a late Paleocene water depth between
1000–1300 m (Bralower et al., 1995). Planktonic forami-
nifera were extracted from the sediments by washing each
sample over a 63-mm sieve with pH buffered, deionized
water.

Chronologic Framework

Various stratigraphic criteria (e.g., stable isotopes, ben-
thic and planktonic foraminifera, and calcareous nanno-
fossils) were used to construct a chronology for the Hole
865B study section (Table 1). The 10-meter study section
(Fig. 5) is bound stratigraphically by the FADs of two cal-
careous nannofossil marker taxa (Bralower and Mutterlo-
se, 1995). The lowermost chronologic datum is defined by
the Discoaster multiradiatus FAD (56.20 Ma), while the
uppermost datum is demarcated by the D. lodoensis FAD
(52.85 Ma). Chronologic resolution was enhanced with the
use of the M. velascoensis LAD (54.70 Ma) and the benthic
foraminiferal extinction event (BFEE) that coincides with
the carbon-isotope excursion (CIE) of the late Paleocene

thermal maximum (55.50 Ma -Thomas and Shackleton,
1995). Numerical ages for the various biostratigraphic da-
tums were taken from Berggren et al. (1995), and age es-
timates for the study samples were calculated by linear in-
terpolation between chronologic datums (Table 1). Thus,
the 16 samples from the study section (94.20–104.20 m)
encompass an interval of 1.5 my with a temporal resolu-
tion of about 100 ky between samples.

Morphological intergradation between M. edgari and
small-sized M. velascoensis is most complete during the
early stages of evolutionary divergence, making place-
ment of the M. edgari FAD somewhat subjective. Never-
theless, a faunal succession like that described by Premoli
Silva and Bolli (1973) for the Caribbean section at DSDP
Site 152 is clearly present at ODP Site 865 (Fig. 5). The
FAD of M. velascoensis is identified at the 132.50-m hori-
zon, while the M. edgari FAD is placed some 27 meters up-
section (105.50 m). It appears that the origination of M.
edgari (;55.60 Ma) occurred just prior to the CIE of the
late Paleocene thermal maximum and the rapid evolution
of a sister species M. allisonensis (see Kelly et al., 1998).
The LAD of M. edgari (94.85 m) is placed some 3 meters
above that of M. velascoensis (97.85 m).
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TABLE 1—Chronologic framework for stratigraphic section from ODP
Hole 865B. Stratigraphic positions of the FADs of D. multiradiatus and
D. lodoensis after Bralower and Mutterlose (1995). Core depth of ben-
thic foraminiferal extinction event and carbon-isotope excursion
(BFEE-CIE) of the late Paleocene thermal maximum taken from Bra-
lower et al. (1995).

Core
depth
(m) Ma Datum Age ref.

89.60
94.20

52.85
53.68

D. lodoensis FAD Berggren et al., 1995

94.85
95.70
96.35
96.90
97.35

5402
54.20
54.36
54.49
54.59

M. edgari LAD This study

97.85
98.29
98.60
98.80
99.35

100.20
100.70
101.00
102.35

54.70
54.76
54.81
54.83
54.91
5503
55.10
55.14
55.33

M. velascoensis LAD Berggren et al., 1995

103.60
104.20

55.50
55.54

BFEE-CIE Thomas and Shack-
leton, 1995

105.50 55.60 M. edgari FAD
116.21 56.20 D. multiradiatus FAD Berggren et al., 1995
132.50 60.00 M. velascoensis FAD Berggren et al., 1995

FIGURE 5—Biostratigraphic framework for study section from ODP
Hole 865B. BFEE—CIE denotes position of benthic foraminifera ex-
tinction event and carbon-isotope excursion of the late Paleocene
thermal maximum. Arrows at left signify samples used for assemblage
counts. Note first appearance datum (FAD) of Morozovella velas-
coensis (132.50 m) is 27 meters downsection from that of M. edgari
(105.50 m). LAD 5 last appearance datum.

FIGURE 6—Size-dependent, stratigraphic patterns in the relative
abundance of the Morozovella velascoensis group. Results of parallel
assemblage counts conducted using (A) sieve sizes .250 mm and
(B) a sieve size range of 125–250 mm. Black squares in samples
column denote the five stratigraphic samples used for eigenshape
analysis.

Compilation of Assemblage Data

Assemblage counts were performed on the .250 mm
(Fig. 6A) and 125 to 250 mm (Fig. 6B) sieve-size fractions of
each of the samples postdating the CIE. Planktonic fora-
minifera were classified into four broadly defined groups
(Table 2). For comparative purposes, taxa with erratic
stratigraphic distributions and consistently low abun-
dances (e.g., various chiloguembelinids, globanomalinids,
pseudohastigerinids, and Igorina broedermanni) were
grouped under the heading ‘‘other.’’ All specimens belong-
ing to the genera Acarinina and Subbotina were grouped
accordingly. Morozovellid specimens were classified in ei-
ther the M. velascoensis lineage or its sister group, the M.
subbotinae lineage. The M. velascoensis group is composed
of M. acuta, M. occlusa, M. velascoensis, and M. edgari; the
M. subbotinae group consists of M. apanthesma, M. aequa,
M. subbotinae, M. gracilis, and M. formosa. A minimum of
300 specimens was counted in each sample.

Eigenshape Analysis

Five sample horizons were selected to summarize the
morphological transition, three from the stratigraphic in-
terval predating the M. velascoensis LAD (97.85, 98.60,
and 102.35 m) and two from the interval postdating the M.
velascoensis LAD (95.70 and 96.35 m). Examination of
these planktonic foraminiferal assemblages revealed a
preponderance of smaller specimens; size-frequency dis-
tributions commonly are skewed in natural populations.
Consequently, the five samples were subdivided into a se-
ries of size-segregated populations (90–150, 150–250,
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TABLE 2—Relative abundance of major groups of planktonic foraminifera during the latest Paleocene and earliest Eocene (Core 11 of ODP
Hole 865B). Note that parallel assemblage counts were performed using the 125–250-mm and .250-mm sieve-size intervals.

Mbsf Ma Size (mm) N

% M.
velascoensis

group

% M.
subbotinae

group
% Subbotina

sp.
% Acarinina

sp. % Other

94.20
94.85
95.70
96.35
96.90
97.35
97.85
98.29
98.60
98.80
99.35

100.20
100.70
101.00
102.35

53.68
54.02
54.20
54.36
54.49
54.59
54.70
54.76
54.81
54.83
54.91
55.03
55.10
55.14
55.33

.250 342
321
368
437
317
384
807
322
402
313
379
325
361
434

1,202

0.0
0.0
0.0
0.7
0.0
0.0

12.4
0.9
2.6
6.7
0.5
1.9
2.2

21.9
48.9

70.4
63.9
59.5
62.1
63.4
62.0
44.6
51.7
52.5
56.9
58.3
41.6
61.8
41.8
27.4

1.8
1.9
1.9
2.3
4.1
1.0
2.5
3.5
6.2
2.2
5.6
8.1
5.0
6.7
2.1

26.3
31.4
36.1
33.8
31.9
35.2
38.8
40.8
36.5
31.0
29.8
43.7
28.8
26.5
20.8

1.5
2.8
2.2
1.1
1.3
1.8
1.7
3.1
2.2
3.2
5.8
4.7
2.2
3.1
0.8

94.20
94.85
95.70
96.35
96.90
97.35
97.85
98.29
98.60
98.80
99.35

100.20
100.70

53.68
54.02
54.20
54.36
54.49
54.59
54.70
54.76
54.81
54.83
54.91
55.03
55.10

125–250 340
321
448
416
446
324
356
356
486
308
360
332
411

0.0
0.1

14.3
25.5
28.7
26.9
31.5
31.5
26.9
31.5
29.4
36.8
41.9

47.1
51.4
42.0
47.6
42.6
38.0
33.7
24.2
30.6
29.5
34.7
36.5
33.1

11.1
17.2
17.9
12.7
7.6

11.7
13.5
20.8
15.5
14.9
11.7
8.1
5.8

30.0
16.3
20.5
10.3
19.3
18.8
14.3
16.3
18.8
15.9
13.1
14.5
12.7

11.8
15.0
5.4
3.9
1.8
4.9
7.0
7.3
8.2
8.1

11.1
4.2
6.8

101.00
102.35

55.14
55.33

372
495

39.5
40.0

29.0
24.0

11.8
13.3

14.0
11.7

5.7
10.5

250–300, 300–355, and .355 mm) and approximately 40
specimens were picked randomly from each sieve-size
fraction. This was done to obtain a more uniform represen-
tation of the allometry in M. velascoensis, although de-
creases in maximum shell size tended to eliminate the
larger size classes in the upper samples.

Morphological variation is best expressed in apertural
view (see Figs. 2 and 3). Consequently, the edgewise image
of each specimen was captured digitally for eigenshape
analysis. The extreme tip of the acute peripheral margin
on the final chamber of each silhouette served as a com-
mon, relocatable starting point. Only sinistrally-coiled
specimens were measured to ensure that the points were
digitized in the same sequence; both M. velascoensis and
M. edgari are typically 95% sinistrally-coiled (see Bolli,
1957; Premoli Silva and Bolli, 1973).

Following the procedures outlined by Lohmann (1983)
and Lohmann and Schweitzer (1990), the digitally record-
ed points were used to generate 100 equal-length line seg-
ments about the perimeter of each silhouette. Outline
shapes were then mapped using vectorial data generated
by measuring the net angular change at each successive
step around the outline perimeter. These vectorial data
contain all the information needed to reconstruct the orig-
inal outline and effectively remove shell-size variation. Fi-
nally, the shape data were treated with a modified R-mode
principal components analysis to extract a set of orthogo-
nal shape functions, or eigenshape functions (sensu Loh-
mann, 1983).

Stable Isotope Data

Stable isotope (d18O and d13C) analyses were performed
at the University of California, Santa Cruz, using an Au-
tocarb device coupled to a Fisons Prism gas-source mass
spectrometer. Foraminiferal samples were reacted in a
common phosphoric acid bath at 908C. Average precision
for samples smaller than 40 mg, as determined from repli-
cate analyses of the laboratory standards NBS-19 and
Carrera marble, was better than 0.1‰ for both d18O and
d13C measurements. Samples spanning the transition
were divided into six sieve-size classes to detect size-de-
pendent trends in the stable isotopes. Sieve-size intervals
and the corresponding number of specimens in each var-
ied as follows: 63–90 mm (50), 90–150 mm (35), 150–250
mm (24), 250–300 mm (12). Whenever possible, stable iso-
tope analyses also were performed on individual forami-
niferal specimens from the 300–355 and .355 mm sieve-
size fractions. All measured isotope ratios are reported rel-
ative to the Peedee belemnite standard (Appendix 1).

Variation in the stable isotopic signatures of the M. ve-
lascoensis lineage is evaluated relative to d13C and d18O
baselines constructed with the use of two control taxa.
Depth-habitats of these control taxa have been character-
ized with stable isotope ratios (Shackleton et al., 1985;
Boersma et al., 1987). One of the control taxa, M. subboti-
nae, has a relatively low d18O and high d13C composition,
reflecting calcification at shallow depths within the oce-
anic mixed layer (Boersma and Premoli Silva, 1983;
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FIGURE 7—Outlines expressing shape variation captured by second
eigenfunction. Values along second eigenfunction increase from pla-
no-convex specimens with well-developed umbilical shoulders (M. ve-
lascoensis) to biconvex forms with poorly-defined umbilical shoulders
(M. edgari). Plano-convex specimens with strong umbilical shoulders
(M. velascoensis) have relatively negative values of 20.40 or less,
while biconvex forms with poorly-defined umbilical shoulders (M. ed-
gari) have values of 10.20 or greater.

Shackleton et al., 1985; Boersma et al., 1987). In contrast,
the other control group (Subbotina sp.) typically records
relatively high d18O and low d13C values and is regarded as
having occupied a deeper depth-habitat within the ther-
mocline (Shackleton et al., 1985).

RESULTS

Planktonic Foraminiferal Assemblages

Within the .250-mm sieve-size fraction (Fig. 6A), the
study lineage is represented by large, ornate forms of M.
acuta and M. velascoensis. These ornate forms are quite
common in the lower parts of the study section, but suffer
a marked decline in relative abundance further upsection.
The relative abundance of the M. velascoensis group de-
creases from 49% in the lowermost sample (102.35 m) to
nearly 2% at 100.70 m. After exhibiting a modest recovery
in abundance (12.5% at 97.85 m), the group suffers its fi-
nal decline.

In contrast, abundances of the M. velascoensis group
display a more gradual decline in the smaller (125–250
mm) sieve-size fraction (Fig. 6B). The extinction of the lin-
eage is recorded at 94.85 m, 3 meters above the extinction
observed in the larger (.250 mm) sieve-size fraction. Pop-
ulations of the study lineage consist predominantly of non-
descript forms like M. edgari within these smaller sieve-
size fractions. Overall, these findings indicate that the ex-
tinction of the M. velascoensis group was gradual and en-
tailed a decrease in shell size.

Eigenshape Analysis

The first eigenfunction explains 59.5% of the variance
and provides a general description of the components of
shape that make all the measured outlines similar (e.g.,
Lohmann and Schweitzer, 1990). The remaining eigen-
functions have captured elements of shape that make each
of the outlines different from one another. The second ei-
genfunction explains 8.5% of the observed shape variation
and is an effective means of expressing the transition from
M. velascoensis to M. edgari. Outlines representative of
the entire morphoseries, from M. velascoensis to M. edgari,
are captured by the second eigenfunction. The second ei-
genfunction describes the degree to which the shoulders of
the abaxial margins are umbilically vaulted (Fig. 7). The
negative end of the second eigenfunction represents spec-
imen outlines with strongly-vaulted umbilical shoulders
due to the presence of a pronounced, pustulate umbilical
collar (i.e., M. velascoensis). Conversely, the positive end of
the second eigenfunction describes outlines that have
weakly-vaulted umbilical shoulders and silhouettes that
are more biconvex (i.e., M. edgari). Eigenfunctions three
through five each explain less than 5% of the observed
variance and display no stratigraphic trends.

Eigenshape analysis of specimens from a series of size-
segregated populations has been shown to be an effective
means for studying allometry in modern planktonic fora-
minifera (Lohmann and Schweitzer, 1990). Thus, a quan-
titative expression of the allometry in M. velascoensis has
been obtained by plotting the position (i.e., correlation) of
each specimen on the second eigenfunction against its cor-
responding shell size (Fig. 8). The size of each specimen

was estimated by measuring the diameter of the shell as
viewed perpendicular to the coiling axis. Inspection of this
allometric plot reveals a logarithmic relationship between
shell shape and size (r2 5 0.601, d.f. 5 625). The relatively
nondescript, biconvex morphologies of M. edgari and
small M. velascoensis are expressed by their relatively pos-
itive values along the second eigenfunction. Large M. ve-
lascoensis with ornate, plano-convex shells tend to have
more negative values along the second eigenfunction, al-
though there are a few large M. edgari-like variants with
positive values. For comparative purposes, outlines of six
specimens that plot at different positions along the regres-
sion line are illustrated. The somewhat bimodal appear-
ance of the resulting distribution (Fig. 8) is an artifact pro-
duced by the irregular sieve-size increments employed to
obtain a more uniform representation of the allometry.
Thus, while partitioning of the skewed assemblages into a
series of size-segregated populations is adequate for ex-
pressing the allometry, it should not be taken as a mean-
ingful expression of the relative abundances of different
size classes.
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FIGURE 8—Nonlinear relationship between shell size and shape in
the Morozovella velascoensis lineage. Allometry graphically depicted
by plotting specimen correlations along second eigenfunction against
corresponding shell diameter. The composite growth curve is con-
structed using five different stratigraphic populations. Outlines of six
specimens are plotted directly atop allometric trajectory to assist vi-
sualization. Note that all specimens from uppermost stratigraphic pop-
ulation (95.70 m), which postdates the M. velascoensis LAD, are
smaller than 355 mm and have relatively positive correlations (.
20.20) along the second eigenfunction.

→

FIGURE 9—Stratigraphic succession of frequency distributions along
the second eigenfunction showing size-dependent patterns of shape
variation. Each of the five samples is divided into size-segregated pop-
ulations. The outlines of specimens with median values are shown to
the right of each frequency distribution; triangles demarcate position
of median for each frequency distribution. Note that, within each sam-
ple, the frequency distributions shift from positive values (M. edgari-
like) at smaller sieve sizes to more negative values (M. velascoensis-
like) at larger sieve sizes. Absence of larger sieve-size fractions in
some samples is due to decreases in maximum shell size.

The morphometric data also show the evolutionary de-
crease in shell size delineated by the assemblage counts;
reduction in maximum shell size is graphically denoted by
a 355-mm size threshold (Fig. 8). None of the specimens
from the two uppermost stratigraphic horizons postdating
the M. velascoensis LAD (96.35 m and 95.70 m) exceed this
size threshold. An ancillary effect of this size reduction is
that the population from the uppermost sample (95.70 m)
has an abbreviated allometry. This is indicated by the ab-
sence of specimens with values less than 20.20 along the
second eigenfunction.

Size-dependent patterns in morphology also are sum-
marized by the succession of shape distributions (Fig. 9).
The allometry within each of the five stratigraphic sam-
ples is expressed by a negative shift along the second ei-
genfunction as sieve sizes increase. Specimen outlines rep-
resentative of the median of each shape distribution are
provided to assist with visualization of the allometry (Fig.
9). The negative shifts in the shape distributions reflect
the change from small M. edgari-like morphotypes to larg-
er M. velascoensis forms. The absence of the three largest
size fractions (250–300 mm, 300–355 mm, .355 mm) in the
two uppermost samples (95.70 m and 96.35 m) is due to
the overall decrease in maximum shell size (Fig. 9). Popu-
lations in the two uppermost samples consist solely of M.
edgari and have shape distributions that overlap with
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FIGURE 10—Stratigraphic sequence showing size-dependent pat-
terns in carbon (left) and oxygen (right) isotope signatures of M. ve-
lascoensis and M. edgari at selected sample horizons (see Appendix
1). Only median values are shown for larger sieve-size fractions (300–
355 mm and .355 mm), which consist of multiple analyses performed
on individual shells. Stable isotope values of a shallow-dwelling taxon,
M. subbotinae (X), and a deeper-dwelling genus, Subbotina sp. (open
squares), are included for comparison.

those of the smaller size fractions (90–150 mm and 150–
250 mm) in the three antecedent samples. In fact, the most
positive median value for the 150–250-mm sieve-size frac-
tion is recorded at the uppermost stratigraphic horizon
(54.20 Ma).

Stable Isotope Signatures

The stable isotope signatures derived from the size-seg-
regated populations of the M. velascoensis lineage exhibit
a strong size dependency (Fig. 10). In all samples, d13C val-

ues covary with shell size, resulting in an average increase
of ;1.66‰ over the 63-to-355-mm sieve-size range (Fig. 10,
left). The direction and magnitude of the size-dependent
d13C shifts are comparable to those reported by other re-
searchers (e.g., Shackleton et al., 1985; D’Hondt et al.,
1994; Norris, 1996). In general, the slope of the d13C/size
curves exhibits little temporal variation. An exception is
the uppermost sample (95.70 m), where the slope displays
a modest decrease. Also, the lowest d13C values for the 90–
150-mm and 150–250-mm size classes are associated with
the diminished slope at 95.70 m. A similar decrease is seen
in the corresponding d13C values of the control taxa Sub-
botina sp. and M. subbotinae. Throughout its stratigraphic
range, the carbon isotopic compositions of M. velascoensis
strongly coincide with those of M. subbotinae, being consis-
tently more enriched in 13C relative to comparably-sized
Subbotina sp.

Overall, the d18O signatures of M. velascoensis and M.
edgari (Fig. 10, right) are correlated negatively with shell
size, a characteristic pattern for this lineage (e.g., Shack-
leton et al., 1985; D’Hondt et al., 1994; Norris, 1996). The
inverse relationship between shell size and d18O ratios is a
stratigraphically persistent feature among the smaller
sieve-size fractions (63–250 mm). The negative correlation
between d18O and shell size (Fig. 10, right) results in an
average shift of 20.73‰ over the 63–300-mm sieve-size in-
tervals. Curiously, d18O values for the 250–300-mm sieve-
size fraction decrease stratigraphically from 21.78‰
(104.20 m) to 22.12‰ (97.85 m). This tendency towards
more negative d18O values in the 250–300-mm size class
continues upsection until the d18O/size relationship is re-
versed with respect to the median d18O values of the larg-
est size classes (.300 mm).

It also should be noted that the slope of the d18O/size
curve is diminished in the uppermost sample (95.70 m)
where the d13C/size slope decreases. The reduced d18O/size
slope is detectable even in the absence of the larger sieve
sizes. The reduced d18O/size slope is accompanied by rela-
tively high d18O values for the 63–90-mm, 90–150-mm, and
150–250-mm sieve-size fractions. A similar increase in
Subbotina sp. d18O values also is detected at 95.70 m.
Overall, however, the Subbotina sp. d18O values are con-
sistently higher than those measured from comparably-
sized (.250 mm) specimens of M. velascoensis (Fig. 10,
right).

DISCUSSION

The M. velascoensis lineage underwent a marked reduc-
tion in shell size during the later stages of its gradual ex-
tinction in the tropical Pacific Ocean (ODP Site 865). The
largest shell diameters attained by M. edgari (;355 mm)
are only about half the size of the largest shells of ances-
tral M. velascoensis. A similar decrease in shell size has
been observed in M. edgari populations recovered from
DSDP Site 577 in the northern Pacific Ocean (Corfield and
Granlund, 1988). In the Caribbean Sea, maximum shell
diameters of M. edgari also are markedly smaller than M.
velascoensis (Premoli Silva and Bolli, 1973). Collectively,
these observations indicate that the shell-size reduction
associated with the extinction of the M. velascoensis line-
age was global in its geographic extent.

The stratigraphic decrease in shell size had incidental,
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yet significant, morphological consequences for the tran-
sition from M. velascoensis to M. edgari. Due to the pres-
ence of an allometry in the ancestor, the stratigraphic de-
crease in size caused adult specimens of the descendant
(M. edgari) to be morphologically similar to small speci-
mens of the ancestor (M. velascoensis). This raises the pos-
sibility that M. edgari may be a subspecific dwarf of M. ve-
lascoensis, something akin to Huber’s (1994) ‘‘micro-
morphs.’’ The biostratigraphic evidence, however, does not
support this interpretation. The first appearance datums
of the two taxa do not coincide and populations of M. ed-
gari are found in stratigraphic horizons postdating the ex-
tinction of M. velascoensis by some 680 ky (e.g., Premoli
Silva and Bolli, 1973; Norris and Nishi, 2001). Thus, the
stratigraphic succession from M. velascoensis to M. edgari
calls for an alternative explanation, although ecophenoty-
py undoubtedly contributed to the overall size variation
displayed by the lineage.

The smaller size and ‘‘juvenile-like’’ morphology of M.
edgari adults, particularly those that postdate the LAD of
ancestral M. velascoensis, is consistent with a form of pae-
domorphosis (juvenilization) known as progenesis. Pro-
genesis entails rapid sexual maturation with the concom-
itant omission of the later developmental stages, stages
that would otherwise be expressed in the ancestor (Gould,
1977; McNamara, 1986). Hence, progenesis gives rise to
diminutive descendants with adult morphologies that re-
semble the juvenile stages of their ancestors.

Invoking progenesis to account for the evolution of M.
edgari is provisional, however, for such an interpretation
is predicated upon the assumption that ontogeny, not eco-
phenotypy, is the primary source of the observed shell-size
variation. Ontogenetic studies of modern planktonic fora-
minifera lend some support to this assumption. Extant
species undergo striking physiological changes during
growth, and the transformation from one ontogenetic
stage to the next is restricted to a limited range of shell siz-
es (e.g., Bé, 1980; Brummer et al., 1987; Hemleben et al.,
1989; Wei et al., 1992). Thus, if shell size is an adequate
proxy for estimating ontogenetic age, then the gradual re-
placement of M. velascoensis by M. edgari is likely to re-
flect selection for precocious sexual maturation—progen-
esis.

Published accounts of size reduction foreshadowing the
extinction of other planktonic foraminiferal clades are
rare. It is suspected that this lack of documentation is due
to the fact that this pattern largely has been overlooked.
Possible examples of terminal size reduction within the
Paleogene planktonic foraminifera include the late Eocene
extinctions of the Globigerinatheka subconglobata/index
and Turborotalia cerroazulensis lineages (Toumarkine
and Luterbacher, 1985), as well as the early-late Eocene
extinction of the genus Acarinina (R. D. Norris, pers.
comm., 2000). All three of these Eocene groups display a
reduction in shell size within their uppermost stratigraph-
ic occurrences.

Terminal size reduction also can be argued for the Neo-
gene Globorotalia fohsi lineage. Kennett and Srinivasan
(1983) have suggested that the diminutive form Globoro-
talia lenguanesis is a phylogenetic intermediate linking
the middle Miocene G. fohsi group to the extant Globoro-
talia tumida lineage. Subsequent investigations indicate
that G. lenguanesis indeed is descended from later mem-

bers of the G. fohsi lineage (Chaisson and Leckie, 1993),
but have called into question the derivation of the G. tum-
ida lineage from G. lenguanesis (Bolli and Sanders, 1985).
This latter interpretation has profound phylogenetic im-
plications and, if correct, means that the G. fohsi lineage
has no extant descendants. Hence, the final 6 my of G. foh-
si lineage history is represented by a single species, the
relatively miniscule G. lenguanesis.

Gould (1977) has noted that precocious sexual matura-
tion is a common response among a wide variety of organ-
isms to environmental stress. The stratigraphic pattern of
paedomorphosis seen during the gradual extinction of the
M. velascoensis lineage is similar to that displayed by de-
clining ammonoid families at the close of the Paleozoic
Era. The stratigraphically youngest representatives of
several Late Paleozoic ammonoid families are paedomor-
phic genera with anomalously small conch sizes, an evo-
lutionary process referred to as ‘‘terminal progenesis’’
(Glenister and Furnish, 1988).

Documenting examples of terminal size decrease among
the planktonic foraminifera is important for three rea-
sons: (1) it establishes the frequency of a stress-induced re-
sponse that portends extinction; (2) it has potential for ex-
tending the longevity of lineages, thereby altering tempo-
ral patterns of extinction; and (3) it suggests that small
species are more resistant to extinction. In the M. velas-
coensis plexus, recognition of the smaller M. edgari ex-
tends the overall duration of the lineage by ;680 ky.
Moreover, the morphological change associated with the
extinction is strikingly different from the classical view
that purports the sudden extinction of a large, robust tax-
on. Should future studies confirm the examples cited
above, then micropaleontologists need to incorporate this
emergent pattern into their micro- and macroevolutionary
views on extinction in the pelagic realm.

Seeking an Extinction Mechanism

Progenesis can be a powerful vehicle for morphological
modification, yet it is only a response; the motor driving
evolution is environmental and ecological change. As a
consequence, the stable isotope data provide insight into
the paleoecology of M. velascoensis and the oceanic condi-
tions that triggered the shell-size reduction seen prior to
the extinction of this once-dominant lineage.

The stable isotopic signatures of M. velascoensis are
most analogous to those of modern planktonic foraminif-
era that inhabit the shallow, mixed layer of the oceans
(e.g., Boersma and Premoli Silva, 1983; Shackleton et al.,
1985; Boersma et al., 1987; Corfield and Cartlidge, 1991).
The relatively negative d18O values of M. velascoensis
shells reflect calcification within warm, sunlit waters. A
shallow depth-habitat also is suggested by the relatively
high d13C ratios of M. velascoensis; waters within the pho-
tic zone often are enriched in 13C due to the preferential
uptake of 12C by the photosynthetic activity of phytoplank-
ton.

Furthermore, M. velascoensis is one of the more abun-
dant species among tropical and subtropical planktonic fo-
raminiferal assemblages, attesting to its thermophilic af-
finities (Boersma and Premoli Silva, 1983; Premoli Silva
and Boersma, 1989). Ravelo and Fairbanks (1992) also
have noted that the reproductive ecologies of modern,
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FIGURE 11—Stable isotope stratigraphies spanning the extinction of
the M. velascoensis lineage at ODP Site 865. Carbon (A) and oxygen
(B) isotope stratigraphies for M. velascoensis lineage taken from sin-
gle-specimen (.300 mm) and multi-specimen (150–250 mm) analy-
ses. For comparison, stable isotopic ratios measured from M. sub-
botinae (300–355 mm) and Subbotina sp. (.250 mm) are reported.
No stable isotope values are reported for uppermost stratigraphic oc-
currence (54.02 Ma) of M. edgari due to diminutive shell sizes and
insufficient number of specimens.

mixed-layer dwellers are not linked to seasonal changes in
hydrography. This reproductive strategy translates to a
year-round export of shells to the sea floor, resulting in a
dominance of warm water assemblages. Thus, the high
relative abundances scored by M. velascoensis among trop-
ical planktonic foraminiferal faunas is consistent with its
inferred shallow depth-habitat (e.g., van Eijden, 1995; Lu
and Keller, 1996).

Establishing that M. velascoensis is (1) a predominately
tropical species, (2) a shallow-dwelling form that inhabit-
ed the photic zone, and (3) a dominant species among
warm-water assemblages is important because all of these
attributes are shared by modern planktonic foraminifera
that host algal symbionts. The pronounced, size-depen-
dent trends seen in the carbon isotopic signatures of M. ve-
lascoensis (Fig. 10, left) are also consistent with this spe-
cies having been symbiotic (e.g., D’Hondt et al., 1994; Nor-
ris, 1996). Culturing experiments (Spero, 1992; Spero and
Lea, 1993) have demonstrated a direct relationship be-
tween levels of symbiont photosynthesis and the d13C com-
positions of planktonic foraminiferal shells. This relation-
ship typically is expressed as a strong d13C/size covariance
and is driven by the preferential uptake of 12C by the sym-
bionts (Spero and DeNiro, 1987; Spero and Williams,
1988).

Size-dependent trends of progressive 18O-depletion,
much like that seen in M. velascoensis (Fig. 10, right), also
have been observed in modern, symbiotic planktonic fora-
minifera (Spero and Lea, 1993; Bemis et al., 1998). Mc-
Connaughey (1989a, b) has demonstrated that rapid ske-
letogenesis favors strong kinetic fractionation effects that,
in turn, cause biogenic carbonates to become progressively
depleted in 18O. This being the case, then the relationship
between photosymbiosis and size-dependent 18O-depletion
may be largely incidental.

Comparison of the d13C and d18O values, however, shows
that these two size-related patterns do not undergo simul-
taneous depletions and/or enrichments (Fig. 10). Instead,
the two size-dependent signals are related inversely to one
another, indicating that processes other than kinetic iso-
tope effects were involved (e.g., McConnaughey, 1989a;
D’Hondt et al., 1994; Spero, 1998; Norris, 1998). Thus,
when all the evidence is weighed (shallow habitat depth,
enhanced calcification, tropical paleobiogeographic range,
size-dependent trends of 18O-depletion and 13C-enrich-
ment), arguments for M. velascoensis having hosted algal
symbionts become very compelling.

The stratigraphic trend toward reduced shell sizes dur-
ing the transition from M. velascoensis to M. edgari is con-
sistent with intra-specific responses seen in modern
planktonic foraminifera that have been deprived of algal
symbionts. Bé (1982) conducted a series of experiments to
test the effects of symbiont elimination on populations of
Globigerinoides sacculifer. Despite exhibiting normal vital
behavior (e.g., rhizopodial movement, prey capture and di-
gestion), aposymbiotic G. sacculifer suffered drastic de-
creases in growth rates, a response also seen in popula-
tions grown in continuous darkness. Of particular interest
is the fact that nearly all (98%) of the aposymbiotic speci-
mens underwent early gametogenesis at relatively small
shell sizes. Furthermore, rates of growth and reproduction
returned to near normal levels among aposymbiotic speci-
mens reinfected with symbionts. The findings of Bé (1982)

demonstrate conclusively that stress caused by symbiont
deprivation results in early reproduction and stunted
growth.

The observations outlined above lend credence to spec-
ulation that the gradual extinction of the M. velascoensis
group was caused by a progressive deterioration of algal
symbiosis. Perhaps subsumed within this long-term de-
cline is a series of multiple environmental changes that
caused ancestral populations of M. velascoensis to lose
their algal symbionts, responses akin to episodes of coral
bleaching. The expulsion of symbionts could have trig-
gered early gametogenesis, thereby arresting growth at
relatively small shell sizes (e.g., M. edgari).

In theory, diminished symbiosis should be evidenced by
a decrease in the intensity of the d13C/size covariance and
shells of M. velascoensis that are depleted relatively in 13C.
Inspection of the d13C/size curves (Fig. 10, left) reveals no
significant slope decreases, and none of the individually-
analyzed shells record an unusually low d13C value (Fig.
11A). All of the individually-analyzed M. velascoensis
shells are enriched in 13C relative to their smaller-sized
counterparts, as well as to the genus Subbotina sp. (Fig.
11A).

Within the 150–250-mm size classes, M. edgari popula-
tions postdating the LAD of M. velascoensis (54.70 Ma) ex-
hibit a trend toward lower d13C values (Fig. 11A). Howev-
er, simultaneous decreases in the d13C values of other co-
existing taxa (Subbotina sp. and M. subbotinae) suggest
that the relatively low d13C values of M. edgari reflect sec-
ular variation in ocean chemistry, not a breakdown in
symbiosis. Moreover, detection of diminished symbiosis is
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hindered by the paucity of M. edgari shells in the larger
(.250 mm) sieve-size fractions. Most planktonic foraminif-
era, regardless of their ecological affinities, exhibit some
degree of d13C/size covariance over the limited size range
containing M. edgari (e.g., Berger et al., 1978). It is not un-
til the larger sieve-size fractions that the d13C/size signa-
ture of algal symbiosis becomes readily recognizable (see
Norris, 1998). Thus, the progenetic size decrease associat-
ed with the M. velascoensis/M. edgari transition appears to
have thwarted isotopic testing for a collapse of algal sym-
biosis, although the smaller size of M. edgari is still consid-
ered to be a product of stressful conditions.

Did Climatic Cooling in the Earliest Eocene Seal the
Extinction of a Declining Lineage?

The extinction of the M. velascoensis lineage, as record-
ed by the LAD of M. edgari at Site 865 (;54.02 Ma), is
roughly correlative with the onset of short-lived, yet sub-
stantial, cooling (;78C) recorded in early Eocene terrestri-
al deposits from the North American continental interior
(Wing et al., 2000). Additional evidence for short-term
cooling in the earliest Eocene (;54 Ma) has been found
among terrestrial palynofloras preserved in parts of
northwestern Europe (Beerling and Jolley, 1998). In the
Tethyan region, the extinction of M. edgari occurs over an
earliest Eocene interval where cool-water taxa become
more abundant among the planktonic foraminifera (Pardo
et al., 1999). Furthermore, benthic foraminiferal d18O stra-
tigraphies from the South Atlantic and Southern Ocean
also show modest temperature decreases at about 54 Ma
(Corfield and Norris, 1998). Hence, there is a priori reason
to suspect that the demise of the M. velascoensis may be
linked to climatic cooling.

The assemblage data (Fig. 6A) indicate that the decline
of the M. velascoensis clade began some 400 ky after the
carbon-isotope excursion of the LPTM, with relict popula-
tions lingering for another 1 my. This stressful period
(55.0–54.0 Ma) witnessed not only the extinction of the M.
velascoensis lineage, but also a major turnover within the
calcareous nannoplankton (Aubry, 1998). The global re-
structuring of the pelagic ecosystem, as evidenced by
changes in the calcareous micro- and nannoplankton, in-
dicates that the ocean/climate system varied significantly
during the earliest Eocene.

Initially, the stratigraphic reversal seen in the d18O/size
relationship among large (.250 mm) M. velascoensis was
thought to reflect stressed populations that suffered a cli-
matic perturbation to their depth ecology (see Fig. 10,
right). Consequently, d18O measurements were performed
on individual shells (.300 mm) of M. velascoensis to detect
changes in this species’ depth-habitat range. Inspection of
the stratigraphic series of single-specimen d18O distribu-
tions revealed no stratigraphically meaningful changes in
central tendency and/or variance (Fig. 11B). Thus, the
cause of the M. velascoensis extinction at 54.70 Ma re-
mains unclear.

In horizons postdating the extinction of M. velascoensis
(54.70 Ma), however, oxygen isotope values measured
from the mixed-layer species M. subbotinae and the ther-
mocline-dwelling Subbotina sp. display a modest increase
(Fig. 11B). Likewise, d18O values measured from M. edgari
exhibit a ;0.4‰ increase. If all of this isotopic shift is due

to temperature change, and not variation in seawater
chemistry, then the d18O increase seen at ;54.20 Ma re-
flects a ;1.58 C cooling of tropical surface-waters. The d18O
values of M. subbotinae and Subbotina sp. continue to in-
crease further upsection over the same stratigraphic in-
terval in which M. edgari last occurs (54.02 Ma). Unfortu-
nately, the diminutive size and scarcity of M. edgari shells
precluded isotopic measurement of this species at its up-
permost stratigraphic level (Fig. 11B). Nevertheless, the
oxygen-isotope data indicate that the lineage termination
at Site 865 coincided with transient cooling during the ear-
liest Eocene (;54.02 Ma).

SUMMARY AND CONCLUSIONS

The species Morozovella edgari is estimated to have
originated ;55.60 Ma and is the smallest member of the
M. velascoensis clade. Evolutionary divergence of M. ed-
gari from its ancestor, M. velascoensis, entailed a marked
decrease in shell size accompanied by a truncation of the
ancestral ontogenetic sequence. Omission of later growth
stages resulted in paedomorphosis where the adult mor-
phology of the descendant (M. edgari) resembles the juve-
nile form of the ancestor (M. velascoensis). The coincidence
of shell-size reduction and morphological juvenilization
suggests that the transition from M. velascoensis to M. ed-
gari was driven by an acceleration in the onset time of re-
production, although this interpretation hinges upon the
assumption that shell size is an adequate indicator of on-
togenetic age. It is postulated that ancestral populationsof
M. velascoensis underwent a gradual shift towards preco-
cious sexual reproduction. This, in turn, arrested growth
at relatively small shell sizes, ultimately giving rise to di-
minutive M. edgari. In general, the evolutionary series
conforms to a paedomorphic process called progenesis.

Subsequent to its origination, M. edgari coexisted with
its ancestor (M. velascoensis) for nearly 900 ky until the
lineage suffered a marked decline at ;54.7 Ma. Thus, for
reasons still unclear, M. edgari became the sole surviving
member of this once-dominant lineage. Similar patterns of
faunal succession, where relict species of a clade are di-
minutive paedomorphs, have been observed in other fossil
groups; ammonoid workers refer to this process as ‘‘termi-
nal progenesis’’ (Glenister and Furnish, 1988). Moreover,
other major clades of planktonic foraminifera may have
undergone terminal progenesis prior to extinction. This
progenetic process has much potential for extending the
longevity of clades, thereby altering stratigraphicpatterns
of extinction in the pelagic realm.

The gradual decrease in shell size displayed by the M.
velascoensis clade is considered a response to stressful eco-
logical conditions. The stable isotopic signatures (d13C and
d18O) of M. velascoensis are most analogous to those of
modern planktonic foraminifera that host algal symbi-
onts. Hence, it is speculated that the gradual extinction of
the M. velascoensis clade was related to a progressive de-
terioration of symbiosis. Geochemical evidence for a col-
lapse in the symbiotic ecology, namely 13C-depleted shells
and diminished d13C/size covariances, was not detected. It
is possible that isotopic testing was negated by the strati-
graphic trend towards smaller shell sizes. Decreasing
shell size during the extinction of the M. velascoensis clade
eliminated the upper portion of the size spectrum where



TERMINAL PROGENESIS IN PLANKTONIC FORAMINIFERA 519

the isotopic signature of algal symbiosis is most recogniz-
able.

Oxygen isotope records from a surface-dwelling species
(M. subbotinae), a thermocline-dwelling group (Subbotina
sp.), and M. edgari all display a modest, positive shift
(;0.4‰) over the same stratigraphic interval in which the
extinction of M. edgari, and termination of the M. velas-
coensis lineage, is recorded (;54.02 Ma). This inferred
cooling appears to be correlative with terrestrial records of
climatic cooling from the earliest Eocene of the North
American continental interior (Wing et al., 2000). Invok-
ing climatic cooling as a factor in the extinction of the cos-
mopolitan M. velascoensis lineage is important because it
suggests that imbedded within the early Eocene warm in-
terval is a transient, but geographically-widespread, cool-
ing event.
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APPENDIX 1
Stable Isotope Data

Mbsf Age (Ma) Taxon Specimens Size (mm) d13C d18O

94.85 5402 M. subbotinae 8 300–355 3.34 21.74
Subbotina sp. 8 300–355 1.53 20.79

95.70 54.20 M. edgari 50 63–90 1.80 21.15
34 90–150 2.16 21.43
24 150–250 2.42 21.55

M. subbotinae 8 300–355 3.32 21.89
Subbotina sp. 8 300–355 1.54 20.90

96.35 54.36 M. edgari 25 150–250 2.80 21.93
M. subbotinae 8 300–355 3.52 22.09
Subbotina sp. 8 300–355 1.43 21.21

96.90 54.49 M. edgari 51 63–90 2.04 21.31
36 90–150 2.32 21.69
25 150–250 2.91 21.81

M. subbotinae 8 300–355 3.67 22.00
Subbotina sp. 12 250–300 2.25 21.48

97.35 54.59 M. edgari 24 150–250 3.00 21.87
M. subbotinae 8 300–355 3.59 21.84
Subbotina sp. 12 250–300 2.25 21.52

97.85 54.70 M. velascoensis 50 63–90 2.01 21.28
35 90–150 2.45 21.63
24 150–250 2.81 21.85
12 250–300 3.36 22.12
1 300–355 3.63 21.90
1 300–355 3.50 22.01
1 300–355 3.64 22.22
1 300–355 3.66 21.99
1 300–355 3.73 22.05
1 300–355 3.44 21.82
1 300–355 3.30 22.11
1 300–355 3.72 22.19
1 300–355 3.61 21.84
1 300–355 3.61 21.93
1 300–355 3.87 22.02
1 300–355 3.51 22.01
1 300–355 3.41 21.73

med. 300–355 3.61 22.01
1 .355 3.74 22.09
1 .355 3.73 21.88
1 .355 4.06 22.09

med. .355 3.74 21.98
M. subbotinae 8 300–355 3.78 22.04
Subbotina sp. 8 300–355 2.00 21.18

98.29 54.76 M. velascoensis 24 150–250 3.18 21.92
1 300–355 3.54 22.04
1 300–355 3.35 21.95
1 300–355 3.40 22.30
1 300–355 3.28 21.91

med. 300–355 3.38 22.00
1 .355 3.73 22.11

M. subbotinae 8 300–355 3.44 21.88
Subbotina sp. 12 250–300 1.94 21.03

98.60 54.81 M. velascoensis 50 63–90 1.88 21.22
35 90–150 2.41 21.64
24 150–250 3.03 21.86
12 250–300 3.37 21.99
1 300–355 3.71 21.79
1 300–355 3.59 21.77

mean 300–355 3.65 21.78
M. subbotinae 8 300–355 3.31 22.01
Subbotina sp. 12 250–300 2.12 21.43

98.80 54.83 M. velascoensis 24 150–250 3.07 21.88
1 300–355 3.66 22.06
1 300–355 3.60 21.90

mean 300–355 3.63 21.98
M. subbotinae 8 300–355 3.53 22.10
Subbotina sp. 12 250–300 1.71 20.93

99.35 54.91 M. velascoensis 24 150–250 2.99 21.80
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APPENDIX 1
Continued.

Mbsf Age (Ma) Taxon Specimens Size (mm) d13C d18O

1 300–355 3.61 22.34
M. subbotinae 8 300–355 3.79 21.99
Subbotina sp. 8 300–355 1.85 21.23

100.20 55.03 M. velascoensis 24 150–250 2.83 21.91
1 300–355 3.35 21.73
1 300–355 3.50 21.79

mean 300–355 3.43 21.76
M. subbotinae 8 300–355 3.82 22.11
Subbotinae sp. 8 300–355 1.74 21.51

100.70 55.10 M. velascoensis 51 63–90 1.87 21.34
35 90–150 2.40 21.59
24 150–250 2.97 21.87
12 250–300 3.37 22.10
1 300–355 3.84 22.00
1 300–355 3.67 21.83
1 300–355 3.59 22.25
1 300–355 3.52 21.89

med. 300–355 3.63 21.95
M. subbotinae 8 300–355 3.65 22.09
Subbotina sp. 12 250–300 1.93 21.25

101.00 55.14 M. velascoensis 52 63–90 1.87 21.43
35 90–150 2.30 21.68
24 150–250 3.00 21.92
12 250–300 3.41 22.02
1 300–355 3.60 21.98
1 300–355 3.50 21.82
1 300–355 3.46 22.02
1 300–355 3.46 21.92
1 300–355 3.92 22.21
1 300–355 3.95 22.15
1 300–355 3.62 21.91
1 300–355 3.65 21.66
1 300–355 3.29 21.91
1 300–355 3.65 21.69
1 300–355 3.55 22.03

med. 300–355 3.60 21.92
1 .355 3.58 21.53
1 .355 3.56 22.08

mean .355 3.57 21.81
M. subbotinae 8 300–355 3.63 22.09
Subbotina sp. 12 250–300 2.12 21.25

101.70 55.24 M. subbotinae 8 300–355 3.95 21.97
Subbotina sp. 12 300–355 1.94 21.56

102.35 55.33 M. velascoensis 51 63–90 2.03 21.26
35 90–150 2.36 21.63
24 150–250 3.09 21.94
12 250–300 3.35 21.93
12 250–300 3.40 21.90
1 300–355 3.71 22.15
1 300–355 3.57 22.07
1 300–355 3.63 22.27
1 300–355 3.17 21.80
1 300–355 3.80 21.99
1 300–355 3.54 22.09
1 300–355 3.60 22.08
1 300–355 3.54 22.23
1 300–355 3.56 22.11
1 300–355 3.51 22.16

med. 300–355 3.56 22.10
1 .355 3.77 22.16
1 .355 3.71 22.16
1 .355 3.76 22.25
1 .355 3.47 22.19
1 .355 3.56 22.14
1 .355 3.69 21.85
1 .355 3.68 22.24

med. .355 3.69 22.16
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APPENDIX 1
Continued.

Mbsf Age (Ma) Taxon Specimens Size (mm) d13C d18O

M. subbotinae 8 300–355 3.66 22.09
Subbotina sp. 12 250–300 1.80 21.52

102.53 55.36 M. subbotinae 8 300–355 3.48 21.97
Subbotina sp. 12 250–300 2.24 21.42

104.20 55.54 M. velascoensis 50 63–90 2.59 21.19
35 90–150 3.09 21.47
24 150–250 3.85 21.69
12 250–300 4.23 21.78
1 300–355 4.21 21.87
1 300–355 4.19 21.99
1 300–355 4.02 21.84
1 300–355 4.04 21.87
1 300–355 4.51 21.82
1 300–355 4.41 21.88
1 300–355 4.25 21.79
1 300–355 4.33 21.97
1 300–355 4.20 21.92
1 300–355 4.58 21.87
1 300–355 4.38 21.86
1 300–355 4.20 22.01
1 300–355 4.54 21.83
1 300–355 4.08 21.82
1 300–355 4.51 22.01

med. 300–355 4.25 21.87
1 .355 4.50 22.08
1 .355 4.31 21.74
1 .355 4.40 22.02
1 .355 4.53 21.99
1 .355 4.73 22.12
1 .355 4.61 21.84
1 .355 4.85 22.18

med. .355 4.62 22.05
M. subbotinae 8 300–355 4.54 21.81
Subbotina sp. 8 300–355 2.19 21.01


