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Cryptic speciation in the living planktonic foraminifer 
Globigerinella siphonifera (d'Orbigny) 

Brian T. Huber, Jelle Bijma, and Kate Darling 

Abstract.—Two living forms of Globigerinella siphonifera (d'Orbigny), presently identified as Type I 
and Type II, can easily be distinguished and collected by SCUBA divers because of differences in 
appearance, arrangement of the rhizopodial network, and the presence or absence of commensals. 
Additional biological differences are apparent from laboratory culture experiments; Type I indi- 
viduals survive significantly longer than Type II under conditions of darkness and starvation and 
have significantly slower chamber formation rates. Stable isotopic analyses of Types I and II also 
reveal notable differences, with Type I consistently yielding more negative S'^O and 8"C values. 
Results of Mg / Ca ratio analyses indicate that Type II specimens precipitated their shells in slightly 
cooler (deeper) surface waters than Type I specimens. These observations and results from DNA 
sequencing unequivocally demonstrate that G. siphonifera Types I and II should be regarded as bi- 
ological sister species. 

Contrarily, biometric analysis of the empty shells reveals few significant differences between G. 
siphonifera Types I and II. Of all the features measured from X-ray and SEM images of serially 
dissected specimens, only shell porosity yields readily discernible differences, with Type I adult 
chambers averaging 10-20% porosity and Type II adult chambers averaging 4-7% porosity. Statis- 
tically significant differences between Type I and II populations are revealed in maximum test di- 
ameter (Type I is typically larger) and coiling (Type I is typically more evolute), but these differ- 
ences do not justify species level distinction of Types I and II using traditional paleontological 
species concepts. 

On the basis of the above evidence, and since all specimens were collected at the same location 
at ~ 3-8 m water depth, we conclude that G. siphonifera Types I and II are living examples of cryptic 
speciation, whereby biological speciation has occurred in the absence of discernable change in shell 
morphology. However, it is not clear when or where this speciation took place. Preliminary study 
of deep-sea cores from the Caribbean and Pacific sides of the Isthmus of Panama reveals a pre- 
dominance of specimens with Type II porosity values, with rare occurrence of specimens yielding 
Type I porosity values. Systematic downcore measurement of shell porosity and tightness of coiling 
needs to be extended back to the middle Miocene, when G. siphonifera first appeared, to determine 
the timing of the Type I and II morphological divergence. 

Postulated mechanisms for reproductive isolation and speciation of Types I and II include allo- 
parapatric, depth parapatric, and sympatric speciation. These models could be tested if further 
analysis of fossil G. siphonifera shells allows determination of the timing of speciation, the preferred 
depth distribution, and the history of geographic distribution of Types I and II. 
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Introduction tures (Be 1980; Be et al. 1983). Biometric stud- 
ies of fossil populations have also demonstrat- 

Modem planktonic foraminifera exhibit con- gj ^^^^^ ^ number of taxa exhibit morphologies 
siderable morphologic variability due to some ^^^^^ intergrade with other "species" within or 
combination of environmental, physiological, outside their clade (e.g., Olsson 1973; Malm- 
and genetic factors. For example, at least three gren et al. 1983; Wei 1987,1994; Wei and Ken- 
species and two genus names have been used nett 1988; Tabachnick and Bookstein 1990; 
for strikingly different forms of the modern Norris et al. 1993, 1996; Hodell and Vayavan- 
species Globigerinoides sacculifer (Brady), but anda 1994; Huber 1994; Huber and Boersma 
each of these phenotypes has been produced 1994; van Eijdenl995). Such morphotypic vari- 
under varying conditions in laboratory cul- ability results in arbitrary taxonomic divisions 
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and imparts an inevitable uncertainty in the 
placement of species datum events (Pearson 
1993; Pearson and Chaisson in press). 

The diagnosis of living foraminifera is based 
on test morphology, the network of granulor- 
eticulose pseudopodia, and reproductive pat- 
terns (Tendal 1990). The latter two aspects 
have been investigated for only a few extant 
species of planktonic foraminifera, and no 
planktonic species has been observed to un- 
dergo a complete reproductive cycle in labo- 
ratory culture (Hemleben et al. 1989). Hence, 
all current taxononuc classifications of living 
planktonic foranunifera use a "paleontologic 
approach" to defining species since they are 
based on observations of adult shell morphol- 
ogy. A biologic approach, which incorporates 
features of ecology, ontogenetic morphology, 
cytoplasnuc structure, behavior in laboratory 
culture, and genetics, helps to demonstrate the 
validity of morphologically based taxonomic 
groupings among extant species. A compre- 
hensive understanding of biological factors 
that control shell morphology would provide 
a valuable foundation for recognizing eco- 
phenotypic variation in the fossil record and 
help to avoid oversplitting of morphologically 
variable taxa. 

In this study we attempt to compare the pa- 
leontologic and biologic species concepts for 
Globigerinella siphonifera (d'Orbigny), a species 
that occurs in the upper surface waters in 
tropical and subtropical regions. We focus on 
this species because previous studies have 
demonstrated distinct biological differences 
between two living forms (identified as Type 
I and Type II), but no consistent differences 
between their empty shells (Faber et al. 1988, 
1989). Our principal goals are to (1) discuss 
the biological evidence for distinguishing G. 
siphonifera Types I and II as distinct species, on 
the basis of observations of living specimens 
and results from laboratory culture, pigment 
analysis, stable isotopic analysis, and DNA se- 
quencing; (2) qualitatively compare the pro- 
gressive changes in Type I and II shell mor- 
phology at different ontogenetic growth stages; 
(3) describe the metrics used to characterize 
the empty shell morphologies of Types I and 
II; and (4) discuss speciation mechanisms that 
may have led to cladogenesis in G. siphonifera. 

Methods 

Collection and Culturing 

Type I and II morphotypes of G. siphonifera 
were identified individually by SCUBA divers 
and collected in glass jars about two miles off 
the west coast of Curasao (Netherlands Antil- 
les) within 3-8 m of the ocean surface. Am- 
bient water temperature at the collection sites 
averaged 26.6°C. The samples were returned 
to the laboratory at the Caribbean Marine Bi- 
ological Institute (CARMABI) and immediate- 
ly transferred to flat-bottomed culture vials 
with 30 ml of seawater from the collection site 
filtered through a 0.45 |xm Millipore filter The 
collected specimens were observed under an 
inverted light microscope to ensure that they 
were correctly identified as Type I or II indi- 
viduals, and some were cultured in filtered 
seawater at 23.5°C, 36.5%o salinity, with blue- 
white light illumination of 50 E/s/m^ for 12 
hours/day, and a feeding frequency of one 
brine shrimp per day. Cultured specimens 
added up to five chambers in the laboratory 
before undergoing gametogenesis. Because of 
apparent differences with respect to the num- 
ber of symbionts sequestered within each type 
of host, it was expected that physiological dif- 
ferences would become more pronounced at a 
low feeding frequency (one brine shrimp ev- 
ery two days), increased light intensity (white 
light of 150 E/s,m2), and a higher nutrient 
concentration. The culture procedures have 
been described elsewhere in detail (Hemleben 
et al. 1987, 1989; J. Bijma et al.unpublished). 

For DNA analysis, Caribbean (C) G. siphon- 
ifera Type I and Type II morphotypes were 
collected individually by SCUBA divers and 
cultured as described above. Type II morpho- 
types were also collected in plankton drift 
nets at between 3 m and 8 m depth off the 
Great Barrier Reef, Australia (A). The location 
was 0.8 nautical miles due east of Ribbon Reef 
10 (14°40'S,145°39'E). They were cultured on- 
shore, in a controlled environment culture 
chamber, at Lizard Island Research Station, in 
the Cairns section of the Great Barrier Reef. 
Gbbigerinoides ruber (d'Orbigny) "pink" (C) 
and "white" (A) morphotypes, Globigerinoides 
conglobatus (Brady) (A), G. sacculifer (C), and 
Orbulina universa d'Orbigny (C) were collected 
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by either SCUBA or drift net and also cultured 
as described. 

All specimens were maintained in culture 
until they reached an advanced stage of the 
gametogenic process (spine resorption), just 
prior to gamete release. At this point 300,000- 
400,000 foraminiferal gametes are concentrat- 
ed within the test (Spindler et al. 1978., Be et 
al. 1983). The concentration of foraminiferal 
genomes is accompanied by a reduction in the 
level of contaminant genomes, significantly 
increasing the ratio of foraminiferal genomes 
to those of the contaminant (e.g., symbionts, 
prey). Using this approach, foraminiferal DNA 
can be amplified and sequenced (Darling et al. 
1996a,b). 

Stable Isotopic Analyses and Mg/Ca Ratios 

Stable isotope analyses were measured at 
the Alfred Wegner Institute using a Finnigan 
MAT 251 mass spectrometer with a "Kiel De- 
vice." The precision for b^^O is about 0.08%o 
and for 8"C is about 0.06%o. All measure- 
ments are reported relative to the Pee Dee Bel- 
emnite (PDB) standard. 

Using an electron nucroprobe, the Mg/Ca 
ratio was determined for freshly collected 
Types I and II according to the method de- 
scribed in Niirnberg (1995). The calcification 
temperature was then calculated according to 
Niirnberg et al. (1996a,b) who have developed 
an empirical relationship between culture 
temperature and the Mg/Ca ratio in the shells 
of planktonic foraminifera. 

DNA Sequencing 

The extraction of foraminiferal genomic 
DNA and the amplification of an approxi- 
mately 1000-base-pair fragment of the small 
subunit (SSU) ribosomal (r) RNA gene, locat- 
ed at the 3' terminal, are described in Darling 
et al. (1996b). The amplified region was se- 
quenced automatically using a direct enzy- 
matic "cycle sequencing" approach (Leigh 
Brown and Simmonds 1994). Complementary 
strands were sequenced for cross-checking 
each base pair and each strand duplicated. 

A within-species sequence investigation 
was also carried out on G. siphonifera Type I in 
order to determine the level of sequence vari- 
ation among individuals within a naorpho- 

type collected from the same area. Five spec- 
imens, collected off Curasao, were extracted, 
amplified, and sequenced separately and 
showed complete sequence identity among in- 
dividuals. 

Confirmation of the foraminiferal origin of 
the SSU rDNA sequences was made by com- 
parison with 438 representatives of the di- 
verse range of eukaryote taxa available within 
the SSU rDNA database (Maidak et al. 1994). 
Comparison of sequences representing the 
planktonic foraminiferal genera Globigerinella, 
Orbulina, Globigerinoides, and Neogldbocjuadrina 
with sequences of diverse eukaryote taxa, in- 
cluding symbionts and prey organisms, re- 
vealed that the planktonic foraminifera form a 
monophyletic group that is clearly distinct 
from any other protistan lineage (Darling et 
al. 1996b; Wade et al. in press). 

Biometric Analysis 

Most of the specimens used for biometric 
analysis were fixed in alcohol immediately af- 
ter SCUBA collection. All specimens were ash- 
ed in a low-temperature asher to rid the shells 
of adhering cytoplasm. On the basis of pre- 
vious studies (e.g., Brummer et al. 1987), the 
collected specimens were considered "adults" 
if they had more than 10-13 chambers in the 
test and the test diameter was greater than 
175-250 |xm. 

The empty shell morphologies of Type I and 
Type II specimens were compared using anal- 
ysis of X-ray images and serial shell dissec- 
tions. X-ray images of specimens mounted in 
axial view were obtained on high-resolution 
film using methods outlined by Huber (1994). 
The X-ray images were magnified under a 
transmitted-light nucroscope with a mounted 
video camera linked to a video monitor and 
personal computer, and the images were cap- 
tured and measured using Optimas® image 
analysis software. Only specimen images that 
revealed all chambers in the ontogenetic series 
were used. Chamber outlines from the prolo- 
culus (= first chamber) to the final chamber, 
or penultimate chamber in kummerform spec- 
imens (specimens with diminutive final cham- 
bers), were digitized from the X-ray images of 
68 adult Type I specimens and 42 Type II 
adult specimens. Metrics obtained from the X 
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LEGEND 

P = proloculus 
D = deuteroconch 

r^/ r-^ = chamber equantness 
Cn = chamber number 

o = actual chamber center 
® = predicted chamber center 
 = predicted logarithmic spire 

FIGURE 1. Graphic explanation of measurements and 
morphologic terminology used in the biometric study of 
G. siphonifera. See text for further explanation. 

rays include chamber expansion rate, chamber 
number in the initial and final whorls, total 
chamber number, chamber roundness in the 
final three chambers, and maximum test di- 

ameter. Chamber equantness was approxi- 
mated for the ultimate, penultimate, and an- 
tepenultimate chambers (Fig. 1) by dividing 
the chamber radius parallel to the logarithmic 
spire (ri) by the chamber radius that is per- 
pendicular to the logarithmic spire (rj). The 
digitized tracings were also used to measure 
the logarithmic spire for each individual. This 
was calculated first by determining the center 
of form for each chamber, by measuring the 
cumulative distance (in arbitrary units) be- 
tween the centers of consecutive chambers, 
and by calculating the cumulative number of 
whorls for each specimen. 

A subgroup of the X-rayed specimens was 
mounted in thermoplastic on a Scanning Elec- 
tron Microscope (SEM) stub (spiral sides 
down) and serially dissected using a free- 
standing micromanipulator (see Huber 1994 
for more details). After each whorl dissection, 
the specimens were cleaned in an ultrasonic 
bath and then photographed in the SEM to re- 
veal ontogenetic changes in pre-adult shell 
morphology, to determine proloculus diame- 
ters precisely, and to measure ontogenetic 
changes in shell porosity. Porosity values for 
each chamber in the ontogenetic series were 
obtained by capturing the SEM digital images 
at 2000 X, using tools in image editing soft- 
ware to blacken the pores and lighten dark ar- 
eas between the pores, adjusting to maximum 
contrast and brightness levels, and determin- 
ing the percent area of black pixel density. 

Biological Differences 

Physiology 

Several observations (Table 1) support the 
hypothesis that G. siphonifera Type I and Type 
II are sibling species (sensu Knowlton 1993: p. 
190). In the field, the two morphotypes can 
readily be distinguished by SCUBA divers. 

TABLE 1.    Summary of differences in appearance of living G. siphonifera Types I and II. 

Feature Type I Type II 

Rhizopodial net- anastomosing, reticulate, woolly ap- 
work pearance 

Spines radiate in all directions; white 
Commensals Trtchodesmium "swarmers" 
Endosymbionts chrysophycophyte form A; distribut- 

ed in vicinity of test, between 
spines; fewer chloroplasts 

open network; distributed along 
spines 

concentrated in two tufts; brown 
none 
chrysophycophyte form B; evenly 

distributed along spines; more 
chloroplasts 
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Type I is rather corispicious, having a light 
brown test with whitish spines radiating in all 
directions, and the space between the spines 
is filled with a network of rhizopods that have 
a reticulate, anastomosing, woolly appearance 
(Fig. 2A,C). A filamentous blue-green alga, 
Trichodesmium, is usually, but not always, har- 
bored between the spines (Fig. 2A) in com- 
mensal (extracellular) association with Type I 
hosts. 

Type II is more difficult to discern in the 
water. The test has a dark, brownish appear- 
ance and the spines are generally radiate in 
two tufts on opposite sides of the test (Faber 
et al. 1988: PI. 1, Fig. 2). The rhizopods are 
aligned along the spines and are organized in 
an open network (Fig. 2B,D). Type II individ- 
uals never associate with Trichodesmium. 

Observations from an inverted light micro- 
scope reveal additional differences. Type I is 
frequently found with commensal dinoflagel- 
late "swarmers" between the spines (Fig. 2E), 
whereas Type II is not associated with swarm- 
ers. Endosymbiont distributions also differ 
between Types I and II. The brown color of the 
shell and the spines of Type II result from 
symbionts residing inside the shell and an 
even distribution of the endosymbionts along 
the spines (Fig. 2F), whereas the symbionts of 
Type I are normally dispersed between the 
spines (Fig. 2C; due to handling of the speci- 
men the rhizopodia retracted and the symbi- 
onts were pulled towards the shell). 

According to Faber et al. (1988), the endo- 
symbionts possessed by both types of G. si- 
phonifem belong to a group of golden-yellow 
pigmented algae^ the Chrysophycophyta, which 
includes the Prymnesiida and Chrysomonad- 
ida. Transmission Electron Microscope (TEM) 
preparations by Faber et al. (1988) reveal that 
the symbionts in G. siphonifera Types I and II 
are ultrastructurally distinct, with significant 
differences in cell shape, plastid arrangement, 
lamellae organization, and location of vacu- 
oles. These authors also noted that the Type II 
symbionts contain more chloroplasts than the 
Type I symbionts and the endosymbionts re- 
spond differently to culture conditions (Faber 
et al. 1989). This led Faber et al. (1988,1989) to 
conclude that the endosymbionts in Types I 
and II may belong to separate species, and 

that the biologic features that distinguish G. si- 
phonifera Type I and II are the result of pos- 
session of the different endosymbionts rather 
than genetic differences between the host fo- 
raminifera. 

Laboratory culture experiments using dif- 
fering light intensities and feeding frequen- 
cies reveal significant differences in survival 
time for the G. siphonifera morphotypes. In a 
study by J. Bijma et al. (unpublished), the sur- 
vival time of Type I was almost 30% longer 
than that of Type II under low light intensity 
and a high feeding frequency, and about 50% 
longer under high light intensity and a low 
feeding frequency. This study also found that 
Type I populations had lower chamber for- 
mation rates (averaging 0.29 chambers/day) 
than the Type II populations (averaging 0.40 
chambers/day). Faber et al. (1989) determined 
even greater differences in vital behavior be- 
tween the Type I and II populations with as 
much as 3.1 times longer survival times and 5 
times fewer chambers formed per unit time in 
Type I populations than Type II populations. 
The differences between these studies are 
mainly due to the fact that Bijma et al. (sub- 
mitted) restricted their analysis to gametoge- 
netic individuals whereas Faber et al. (1989) 
also included specimens that died in culture. 
Nonetheless, both studies suggest that Type I 
individuals have slower metabolic rates and 
may be better adapted to survive in highly oli- 
gotrophic conditions. 

Pigment Analysis 

Pigment measurements of SCUBA-coUected 
specimens reveal significant differences be- 
tween the Type I and Type II forms, as shown 
in Table 2 (from J. Bijma et al.unpublished). 
Although the mean size of the Type I popu- 
lation was almost 200 |xm larger than that of 
the Type II population, the latter contained al- 
most five times as much chlorophyll a and c 
per foraminifer. This may be the result of a 
higher quantity of pigment per symbiont, as 
suggested by the TEM study of Faber et al. 
(1988). It may also result from a greater sym- 
biont density in the Type II cytoplasm. How- 
ever, we were unable to confirm this as epiflu- 
orescent microscope counts of red-fluorescing 
cells in Type I and II specimens led to highly 
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variable results primarily due to probleins 
with the technique used to prepare specimeris 
for symbiorit enumeration and differences in 
the distribution of the symbionts in the host 
foraminifer cell. 

A pigment scan between 400 and 700 nm 
yields absorbance peaks at the same wave- 
lengths for Types I and II (J. Bijma et al. un- 
published). These results are consistent with 
the pigment analysis results (Table 2), con- 
firming the presence of similar pigments in 
Types I and II and a higher chlorophyll a/ca- 
rotenoid ratio in Type I. 

The higher chlorophyll a content in G. si- 
phonifera Type II may indicate predominant 
growth in lower light conditions at deeper lev- 
els in the water column. This is supported by 
the higher carotenoid content in Type II, 
which is a response to light absorption in the 
green part of the spectrum. However, we can- 
not exclude the possibility that the pigment 
differences could result from self-shading; a 
higher pigment concentration would be ex- 
pected in specimens with symbionts that are 
closely packed or distributed inside the fora- 
mirufer shell. 

Shell Stable Isotope Chemistry and Mg/Ca 
Ratios 

Stable isotopic analyses of the shells of fo- 
raminifera provide insight into abiotic factors 
and the ecology of their ambient enviroriment. 
This, in addition to their worldwide distri- 
bution, their good preservation potential and 
their long fossil record make these organisms 
ideal tools for paleoceanographic and paleo- 
climatic reconstructions. Because the ^'0/^*0 
ratio of calcite is primarily temperature de- 
pendent (Emiliaru 1954), foraminifer shells 
grown in warmer surface waters are more de- 
pleted in '*0 than shells grown in cooler deep 

TABLE 2. Results of pigment analysis for G. siphonifera 
Types I and II (from Bijma et al. unpublished), chloro. 
a/carot. = chlorophyll a/carotenoid ratio; n = number 
of specimens; avg. = average test diameter 

Type I 
(n =99; avg. = 521 (xm) (n 

Type 11 
! = 43; avg. = 338 nm) 

Pigment ixg/ml     ng/foram (xg/ml      ng/foram 

Chlorophyll a 
Chlorophyll c 
Carotenoid 
Chloro. a/carot. 

0.08        1.61 
0.02        0.45 
0.06         1.17 

1.38 

0.16        7.41 
0.04        2.06 
0.16        7.5 

0.99 

waters. This assumes that the shells were pre- 
cipitated in equilibrium with the ambient wa- 
ter. The fractionation of carbon dissolved in 
the upper water column is controlled by pho- 
tosynthesis rather than temperature. Dis- 
solved inorganic CO2 in upper surface waters 
tends to be enriched in '^C because the lighter 
carbon isotope (^^C) is preferentially removed 
from the ambient water by phytoplankton. As 
the phytoplankton die and sink through the 
water column, the ^^C-enriched organic matter 
is oxidized and released. Thus, the shells of 
planktonic foraminifera that calcified in the 
upper surface waters are relatively enriched in 
8"C, whereas those calcified at deeper levels 
are more depleted in 8^^C (e.g., Kroopnik 
1974; Shackleton and Vincent 1978; Spero and 
Williams 1989). However, the 8"C and h^^O 
values of planktonic foramirufers generally 
covary with ontogeny where larger tests are 
typically enriched in 8'^C (shallow) and S^'O 
(deep). This contradiction demonstrates that 
the interpretation of the isotopic composition 
in terms of equilibrium precipitation is prob- 
lematic. Disequilibrium fractionation of 8''0 
of 8^'C in planktonic foraminifera is caused by 
a variety of equilibrium and kinetic effects 
and largely depends on the metabolic rates of 
the host and their algal symbionts and on the 

FIGURE 2. Light micrographs of living specimens of G. siphonifera Types I (Fig. 2A,C,E) and II (Fig. 2B,D,F). 2A, 
Type I with bundles of the cyanobacteria Trichodesntiunt between the spines and some dinoflagellate "swarmers" 
close to the test. Due to disturbance cytoplasm containing the symbionts has been retracted within the test. 2B, 
Type II is never found with "swarmers" or Trichodesntiunt. The symbionts are sequestered within the rhizopodial 
network which mostly flows along the spines. The rhizopods are anastomosing and reticulate. 2C, Type I rhizopodia 
are strongly reticulate and therefore have a woolly appearance. 2D, Type II rhizopodia showing weakly reticulate 
arrangement and flow along the spines. 2E, Type I with dinoflagellate "swarmers" (arrows) in between the strongly 
reticulate rhizopodial network. 2F, Type II symbionts are sequestered within the rhizopodial network and are dens- 
ly packed along the spines. 
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FIGURE 3. Oxygen and carbon isotope analyses of G. si- 
phonifera Types I and II that were killed immediately af- 
ter SCUBA collection. All specimens were collected as 
adults (>300 (xm), but the final two to three chambers 
were amputated on some specimens for analysis of ju- 
venile tests (<250 |xm diameter). See text for explana- 
tion of calculation of 8"0 and 8''C equilibrium values. 

ambient carbonate system (for a m.ore elabo- 
rate discussion consult Bijm.a et al. subm.). 

Oxygen and carbon isotopic analyses of 
freshly collected specimens of G. siphonifera re- 
veal that Type II is significantly and consis- 
tently more enriched in 8^^0 and 8^^C than 
Type I (J. Bijma et al. unpublished). The dif- 
ferences are greatest between adult Type I and 
II specim^ens, with Type II 8^*0 values aver- 
aging about 0.4%o greater and Type II '^C val- 
ues averaging about 0.9%o greater than for 
Type I adults (Fig. 3). Pre-adult specimens 
that had their final three chambers removed 
yield slightly lower differences in their 8'^0 
and 8^^C composition. In the analysis of SCU- 
BA-coUected specimens. Type II specimens re- 
veal a much steeper ontogenetic (or ecotypic) 
trend in their stable isotopic composition 
(with the larger size fraction being about 
0.3%o more enriched in 8^^C and about 0.1%o 
more enriched in 8^*0) than Type I specimens. 
This is confirmed by Type I and II specimens 
grown in culture where a similar size-related 
stable isotopic fractionation was observed (J. 
Bijma et al. unpublished). 

Using the paleotemperature equation of 
O'Neil (1969), equilibrium values for the ox- 
ygen isotopic composition are calculated as 
-1.33%o at 26.6°C, assuming h^^O = 0.93%OSMOW 

at 36.3 ppt salinity (Fairbanks et al. 1992). 
Thus, adult Type II calcifies within ca. 0.2%o 

of the estimated equilibrium calcite 8^*0 val- 
ue, whereas Type I is depleted in 8^*0 by 
about 0.7%o. The more depleted 8^*0 values of 
Type I specimens may reflect growth in a shal- 
lower surface-water habitat than Type II spec- 
imens and/or a greater degree of biological 
fractionation. 

The 8'^C composition of calcite precipitated 
in equilbrium at the collection site should be 
about 2.25%o. This is based on a mean dis- 
solved inorganic carbon 8"C composition of 
1.25%o at the collection site and the assump- 
tion that calcite should be enriched in 8'^C by 
l%o relative to bicarbonate when secreted in 
isotopic equilibrium (Romanek et al. 1992). 
The >2.0%o depletion of Types I and II in 8"C 
relative to equilbrium calcite indicates a 
strong biological fractionation effect. A simi- 
lar offset was reported by Kahn (1979) for G. 
siphonifera (undifferentiated) and for G. prae- 
siphonifera (an ancestral morphospecies) by 
Pearson and Shackleton (1995). At first glance, 
the more enriched 8'^C composition of Type II 
relative to Type I specimens could be ex- 
plained by the greater gross photosynthesis in 
Type II than in Type I and hence a m.ore en- 
riched calcification environment. However, 
this explanation has some severe drawbacks 
and the mechanism is more complicated (J. Bi- 
jma et al. unpublished). Recent experiments 
have demonstrated that "vital effects" are me- 
diated by changes in the ambient carbonate 
system but reflect changes in the amount of re- 
spired CO2 that is incorporated into the shell 
(H. Spero et al.unpublished). In this context, 
we believe that the reason for the heavier 
shells of Type II lies in the more effective up- 
take of light-respired COj due to the higher 
photosynthetic rate and to the location inside 
the shell or at the shell surface of many Type 
II symbionts. 

Measurements of the stable isotopic com- 
position of G. siphonifera Types I and II at dif- 
ferent feeding rates and light intensities also 
demonstrate significant differences. Bijma et 
al. (submitted) found that the 8"C composi- 
tion of Type I decreases by nearly l%o when 
the feeding rate increases from 0.5 to 2.0 brine 
shrimp per day, whereas the 8^^C fractionation 
of Type II did not respond systematically to 
changes in feeding rate. Exposure to contin- 
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uous darkness decreased the 8^'C coniposition 
of Type I shells, but the short survival time 
(two to three days) of Type II specimeris kept 
ill darloiess preverited determiriatiori of ariy 
change in isotopic composition. Differences in 
the 8'*0 composition of Types I and II were 
most apparent at low feeding rates, with Type 
I becoming slightly enriched and Type II be- 
coming slightly depleted under a feeding 
scheme of one brine shrimp every two days. 

The Mg/Ca molar ratios that were deter- 
mined for Types I and II are 0.00489 and 
0.00433, respectively. Using the relationship of 
Niirnberg et al. (submitted) and assuming 
that Type I mineralized its shell in equilibri- 
um, the difference between Types I and II 
would indicate a 1.7°C colder precipitation 
temperature for Type II than for Type I. As- 
suming that Type II secreted its shell in equi- 
librium, this difference would indicate a 1.5°C 
warmer precipitation temperature for Type I 
than for Type II. 

The 8''0 of Type II specimens larger than 
300 m (-1.68%o PDB) suggests a calcification 
temperature of 28.4°C whereas the larger frac- 
tion of Type I (-2.03%o PDB) suggests 30.2°C 
(O'Neil 1969). Both types yield temperatures 
that are too high (collection temperature was 
26.8°C), but the temperature difference be- 
tween the two (1.8°C) compares well with the 
temperature difference calculated on the basis 
of Mg/Ca ratios (1.5-1.7°C). 

Genetic Differences 

A recent breakthrough in sequencing the 
DNA of planktonic foraminifera has led to the 
recognition of species level differences be- 
tween G. siphonifera Types I and II. This is 
based on the phylogenetic analysis of partial 
sequences amplification of the SSU rRNA 
gene, which so far has been accomplished for 
eight tropical planktonic foraminifer species 
(Darling et al. 1996b, 1997). Major difficulties 
in amplifying DNA from living specimens 
were overcome by extracting genomic DNA 
from gametogenic foraminifers. 

Evolutionary Relationships between Three Spi- 
nose Foraminiferal Genera.—The phylogenetic 
sub-tree shown in Figure 4 forms part of a fo- 
ramiruferal SSU rDNA phylogeny containing 
both benthic genera and spinose and nonspi- 

nose planktonic genera (Darling et al. in 
press). The three spinose genera, Globigerinel- 
la, Globigerinoides, and Orbulina, form a distinct 
group within the foraminiferal tree, support- 
ed in 100% of bootstrap replications. Strong 
bootstrap support is also provided for the 
branching pattern of the genera within the 
group. The Globigerinella genus, supported in 
100% of bootstrap replications, is distinct 
from the other genera (Fig. 4). Globigerinella si- 
phonifera Type I shows an evolutionary dis- 
tance of 20.9% (20.9 changes per 100 nucleo- 
tide positions) from the grouping of Globiger- 
inoides ruber and Globigerinoides congldbatus, 
18% from Orbulina and 21.8% from Globigeri- 
noides sacculifer. 

Globigerinella siphonifera Type I is also sig- 
nificantly distinct from G. siphonifera Type II 
with an evolutionary distance of 6.2% be- 
tween them. This is reflected in 30 base dif- 
ferences in the conserved regions (Fig. 5). In 
order to ascertain whether this level of varia- 
tion is similar to that observed between other 
closely related but distinct foraminiferal spe- 
cies based on molecular data, two morpho- 
types of Globigerinoides ruber have been includ- 
ed in the analysis for comparison. The two 
morphotypes, G. ruber and G. ruber "pink," 
live in close proximity in the water column in 
the Caribbean, though the pirJ< form is now 
extinct in the Pacific. The level of variation be- 
tween these two morphotypes is 5.6%, which 
is very similar to the level of 6.2% observed 
between G siphonifera Type I and Type II. 

The two morphotypes of G. ruber were col- 
lected from the Caribbean (pink) and the 
Great Barrier Reef (white) and were therefore 
geographically isolated by the Isthmus of Pan- 
ama. In order to test whether such isolation 
could account for the 5.6% difference ob- 
served between them, it would have been de- 
sirable to compare the pink and white forms 
from the Caribbean. However, G. ruber is dif- 
ficult to keep in culture and only the pink 
form was successfully cultured to gametogen- 
esis. As an alternative, G. siphonifera Type II 
collected in the Caribbean and Type II col- 
lected off the GBR were compared. Analysis 
showed that they vary by only 0.17% (Fig. 5), 
representing a single polymorphic change in 
604 base positions. The same exercise has also 
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(A) G.iiiph n 6.04% 0.17% ... ... ... ... ... ... 

(C)G.rufter(P) 22.11% 20.90% 21.34% ... ... ... ... ... 

(A)G.rufter(W) 22.07% 20.35% 20.78% 5.52% ... ... ... ... 

(C) O.univ 18.04% 18.09% 18.06% 23.41% 21.82% ... ... ... 

(C) Csacc 21.79% 23.70% 23.71% 27.76% 27.03% 21.58% ... ... 

mG.cong 18.61% 19.04% 19.45% 14.63% 13.83% 2036% 24.41% ... 

FIGURE 4. Phylogenetic sub-tree sliowing the relationships between representatives of three spinose planktonic 
foraminiferal genera including G. siphonifera Types I and II. Branch lengths represent the evolutionary distance 
between species calculated from substitutional mutations / site. The scale bar corresponds to 1 change per 100 nu- 
cleotide positions. Bootstrap values, which provide an indication of the support for a particular branch, are ex- 
pressed as a percentage (2000 bootstrap replications were performed). The sub-tree forms part of a phylogeny re- 
constructed from partial sequences (604 unambiguously aligned nucleotide sites) of the SSU rRNA gene of both 
benthic and planktonic foraminiferal genera (Darling et al. in press). The relative evolutionary distances between 
each of the planktonic species is shown expressed as a percentage in the accompanying table. Abbreviations: (C) 
= Caribbean, (A) = Australia, (P) = pink, (W) = white. 

been carried out with G. saccuUfer and O. univ- 
ersa (Darling et al. in press) and showed com- 
plete sequence identity in both species be- 
tween the two regions. 

Small Subunit rDNA Sequence Variations be- 
tween and within G. siphonifera Types I and II.— 
Alignment of the amplified region of the SSU 
rRNA gene for four planktonic foraminiferal 
genera (Darling et al. 1996b) with represen- 
tatives of the diverse range of eukaryote taxa 
within the SSU rDNA database (Maidak et al. 
1994) has shown that the amplified regions 
consist of eight conserved nucleotide regions 
that are interspersed by seven variable regions. 
Comparison against all eukaryote sequences 
(438) presently within the database show that 
the variable regions fall into two categories. 

The amplified fragment contains four variable 
length expansion segments (V1-V4), which 
are present in most eukaryotes, and also three 
insertions unique to the foraminifera (F1-F3) 
(Fig. 5). 

Thirty substitutional changes were ob- 
served between G. siphonifera Type I and Tj^e 
II within the conserved regions, C1-C8 (Fig. 
5). The changes were more commonly ob- 
served at the 3' end of the amplified fragment, 
being primarily concentrated in C6, C7, and 
C8. 

Considerable length and sequence variabil- 
ity was observed between G. siphonifera Type 
I and Type II within the foraminiferal specific 
insertions F1-F2 (Fig. 5B). In general, this 
made alignment within these regions impos- 
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3' terminal region of planktic foraminiferal SSU rRNA gene (1000 bp) 
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SI 

SII 

SI 

SII 

^^^^      ^^^ • ^^         PVP m^ ̂ •^•H    ^^m 

39 138 119 
1       1 1 ~1 r- 1 

33 105 117 
r           •      • 1 ~1 r- 1 

r• 
122 16 

-1 M 
49 22 

r- 
137 15 

1 n 
58 21 

wmmm fwS^ 

[Dl   substitutional changes 
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in complete alignment 
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FIGURE 5. A schematic representation of the 3' terminal region of the SSU rRNA gene (approximately 1000 base 
pairs) used for phylogenetic analysis and sequence comparison. The fragment regions are divided into three cat- 
egories: C1-C8 represent the highly conserved regions that are aligned relative to comparable regions present in 
all eukaryotes, V1-V4 represent variable length expansion segments present in most eukaryotes, and F1-F3 rep- 
resent three insertions that are unique to the foraminifera. 5A, Substitutional mutations found in the conserved 
region between G. siphonifera Type I and II (30 in total). C6-C8 regions show the greatest variation. 5B, Length 
variation between G. siphonifera Types I and II in the foraminiferal specific insertions. Only F3 has a high degree of 
similarity, having only four substitutional changes and two deletions. Alignment within Fl and F2 was impossible. 
5C, Considerable length variation was observed within the variable regions. This is also occurs between species 
within other planktonic foraminiferal genera (Darling et al. in press). 5D, The whole of the fragment of G. siphonifera 
Type II collected in the Caribbean could be unambiguously aligned against G. siphonifera Type II collected off 
theGreat Barrier Reef. Only one polymorphic substitutional change was seen in the conserved regions and little 
variation was observed in the foraminiferal specific insertions. However, a higher degree of variation was observed 
in the variable region, which should prove useful for further population studies. 

sible. A high degree of similarity was ob- 
served, however, between Types I and II with- 
in insert F3. The F3 aUgnment showed only 
four substitutional changes accompanied by 
two deletions in Type II. 

The expansion segments VI, V3, and V4 
have a high level of base substitution and in- 
sertion/deletion events between Types I and 
II, making alignment within these regions 
also impossible (Fig. 5C). VI and V3 have sig- 
nificant length variation, which is quite char- 
acteristic of the other planktonic foraminiferal 
genera (Darling et al. in press). The short re- 
gion V2 has only one substitution and one de- 
letion. 

Comparison of G. siphonifera Type II, col- 
lected from the Caribbean and the GBR Aus- 
tralia, showed complete sequence identity be- 
tween the conserved regions, C1-C8, except 
for one polymorphic position in C2 (Fig. 5D). 

The foraminiferal specific insertions had a 
surprising degree of conservation, having two 
substitutions in both Fl and F3 and only one 
in F2. The variable regions however, showed 
substantially higher variation. 

Implications 

The molecular data obtained in this study 
support the paleontologically based taxonom- 
ic schemes (e.g., Kermett and Srinivasan 1983) 
that place Globigerina siphonifera d'Orbigny in 
a separate genus (Globigerinella) from the other 
spinose species that were sequenced. If the 
evolutionary distances between G. siphonifera 
Type I and O. universa (21.82%) can be regard- 
ed as an example of separation at the genus 
level, then comparison among the other spe- 
cies analyzed suggests that Globigerinoides sac- 
culifer should not be considered as congeneric 
with Globigerinoides ruber and Globigerinoides 
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conglobatus (Darling et al. in press). As addi- 
tional molecular sequences become available, 
the relationships and progression of evolution 
within each of these lineages will be further 
clarified, and a revision of the current taxo- 
nomic scheme for modern planktonic forami- 
nifera may be proposed. 

Although G. siphonifera Type I and II are un- 
doubtedly closely related, the high level of se- 
quence diversity within the conserved region 
(6.2%) clearly shows that they are distinct spe- 
cies. Given that G. siphonifera Type I and II 
were collected from an identical location, at 3- 
8 m water depth, such substantial differences 
indicate that they are reproductively isolated 
from one another The degee of variation is 
also similar to that observed between the pink 
and white forms of G. ruber. The fact that G. 
siphonifera Type II shows a remarkable degree 
of conservation between the Caribbean Sea 
and the western Pacific Ocean indicates that 
the sequence is entirely characteristic of the 
species and can be relied upon as a unique 
molecular marker for this spedes in future 
studies. It is highly probable that the G. si- 
phonifera Type I sequence can also be used as 
a molecular marker, making the discrimina- 
tion between the two species possible from in- 
dividual specimens at any stage of their on- 
togeny. 

Although the variability between the ex- 
pansion segments and foraminiferal-specific 
insertions makes their use in phylogenetic 
analyses impractical at the species level, these 
regions will prove invaluable for analyses at 
the population level. The differences observed 
between G. siphonifera Type II from the Carib- 
bean and Australia already indicate the po- 
tential for such investigations. 

Ontogenetic Growth Stages 

Type I and II shell morphologies and bio- 
metric data were analyzed to identify the prol- 
ocular, juvenile, neanic, adult, and terminal 
ontogenetic stages. The growth stages were 
originally defined by Brummer et al. (1986, 
1987), who studied several extant tropical 
planktonic foraminifer species, including Glo- 
bigerinella siphonifera (d'Orbigny) (= Globigeri- 
nella aequilateralis [Brady]). These authors in- 
cluded the first chamber (= proloculus) in the 

prolocular stage, the last chamber produced 
prior to gametogenesis in the terminal stage, 
and a variable, but species-specific, number of 
chambers in the juvenile, neanic, and adult 
stages. The juvenile stage was characterized 
by chambers showing log-linear growth (de- 
termined from plots of test diameter vs. cham- 
ber number) in the first 1.5 whorls, low tro- 
chospiral coiling, a low-arched, extraumbilical 
positioned aperture, and a nearly smooth sur- 
face texture with sparse, thin spines. During 
the juvenile stage, pores on the shell wall are 
initially concentrated near the chamber su- 
tures and, in later juvenile chambers, are dis- 
tributed throughout the spiral and umbilical 
chamber surfaces. Onset of the neanic stage 
was recognized by an abrupt increase in the 
log-linear growth rate, increase in chamber 
globularity, coiling spire height, and density 
and thickness of spines, spread of pores to the 
entire chamber surface, narrowing of the um- 
bilicus, and migration of the aperture to a 
more umbilical position. Brummer et al. (1986, 
1987) suggested that onset of the adult stage 
is characterized by minor but often distinct 
changes in morphology, such as migration of 
the aperture to its final position and attain- 
ment of mature pore and spine morphology. 
The terminal stage can be distinguished from 
the adult stage in some specimens if a dimin- 
utive (= kummerform) final chamber is pro- 
duced just before reproduction. On the other 
hand, a final "normalform" chamber that is 
indistinguishable from earlier adult chambers 
may be built at this stage. 

According to Brummer et al. (1987), onto- 
genetic stage transitions in spinose planktonic 
foraminifera occur during distinct transitions 
in vital behavior The prolocular stage is ini- 
tiated by zygote formation and is probably 
very short-lived. The wall cormecting the prol- 
oculus and deuteroconch (second chamber) is 
concave in both morphotypes of G. siphonifera 
(Fig. 6D), suggesting that calcification of the 
proloculus occurred prior to growth of the 
deuteroconch. The juvenile stage, which is ini- 
tiated by deuteroconch formation, includes a 
growth phase where the trophic preference is 
algae and protozoa and infection by symbi- 
onts occurs. During the neanic stage, symbi- 
osis increases and the diet changes to include 
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FIGURE 6. Scanning Electron Micrographs of serially dissected specimens of G. siphonifera Type I showing mor- 
phologic differences between the adult, neanic, juvenile, and prolocular growth stages. Specimens are embedded 
in thermoplastic and dissected using a micromanipulator. 6A, Adult shell with the outer whorl removed to reveal 
the penultimate whorl. 6B, Oblique view of neanic chambers shown in Figure 6A. Note that the aperture (see arrow) 
is extraumbilical in position and the wall texture becomes smoother earlier in the ontogenetic series. 6C, Specimen 
with two whorls removed to reveal chambers in the juvenile growth stage. Note the smooth surface of the chambers 
and nearly umbilical position of the small aperture (see arrow). 6D, Completely dissected speciinen revealing the 
4.5 chambers in the initial whorl surrounding the proloculus (p). 

motile metazoans (primarily crustaceans) orice 
the spines are sufficiently numerous and 
strong to prevent their escape. During the 
adult stage, reproductive maturity is attained, 
symbiosis reaches a maximum, and the diet is 
predominantly based on crustacean prey. As 
the foraminifer reaches the terminal stage, 
growth is terminated, symbionts are digested 
or expelled, and then gametes are released. 

Type I and II specimens were not distin- 
guished in the study by Brummer et al. (1987), 
so it is not clear what the proportional repre- 
sentation of these phenotypes was in their 
measurements. Their results indicate that (1) 

proloculus diameters average 18.9 |xm and 
range from 12 to 30 (xm, (2) transition from the 
juvenile to neanic stage occurs at test diame- 
ters ranging from about 70-90 |jim and be- 
tween the sixth and ninth chambers, and (3) 
transition from the neanic to adult stage oc- 
curs at test diameters ranging from 175 to 250 
|xm and between the tenth and thirteenth 
cham.bers. 

Empty Shell Differences 

Test Morphology 
A detailed description of Ghbigerinella si- 

phonifera (d'Orbigny 1839) can be found in 
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FIGURE 7. Scanning Electron Micrographs of SCUBA-collected G. siphonifera Types I and II from offshore Curasao. 
Scale bars represent 100 (xm for all figures except 7C and 7F, which represent 10 |xm. 7A~C: Type I specimen. 7A, 
Umbilical view; 7B, Edge view; 7C, Interior view of pores on the 15th chamber showing 23% porosity and an average 
pore diameter of 4.5 |xm. 7D-F: Type IT specimen 7D, Umbilical view; 7E, Edge view; 7F, Interior view of pores on 
the 15th chamber showing 5.3% porosity and an average pore diameter of 2.2 |xm. Note that Type I specimens are 
characterized by a larger pore size and more open coiling than Type II specimens. 

Banner and Blow (1960), who designated a 
lectotype for the species and, because of the 
Principle of Priority, recommended that the 
commonly used name Glohigerina aequilateralis 
Brady 1879 be considered its junior synonym.. 
The species is characterized by having a spi- 
nose test that appears to be planispirally 
coiled but actually coils in a low trochospire 
in the early ontogeny and becomes irregularly 
planispiral in the adult growth stage (Figs. 6, 
7). Accordingly, the aperture is an extra-um- 
bilically positioned, narrow, low arch in the ju- 

venile stage (Fig. 6C), it migrates toward the 
equatorial periphery in the neanic stage (Fig. 
6B) and then becomes equatorial and nearly 
symmetrical during the adult stage (Fig. 
7B,E). Living specimens with fully grown 
spines are as much as 2 cm in diameter, but the 
spines break off upon death and the postmor- 
tem shells of adult specimens typically range 
between 300 and 800 m in maximum diameter. 

Parker (1962) was the first to suggest that G. 
siphonifera could be subdivided into two mor- 
phologic groups. She characterized one group 
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as having more compressed chambers, m.ore 
involute coiling, and possibly smaller prolo- 
culi than the other group. These observations 
were based on study of Recent samples from 
tropical Pacific cores rather than on living 
specimens. On the other hand, Faber et al. 
(1988, 1989) could easily identify the Type I 
and II morphologies among living SCUBA- 
coUected specimens, but could not detect dif- 
ferences between the shells after the Type I 
and II specimens had died. Our observations 
suggest that while Type I shells tend to attain 
a larger size, the only feature that can be con- 
sistently used for light-microscopic discrimi- 
nation of Type I from Tj^e II forms is shell 
pore size, whereby adult chambers of Type I 
forms have much larger pore diameters than 
do the adult chambers of Type II (Fig. 7A-F). 
In fact, these differences are only easy to de- 
tect among SCUBA-coUected specimens, as 
specimens from seafloor sediments have a 
coarser shell surface, probably due to game- 
togenic calcification, that obscures observation 
of shell porosity vmder the light microscope 
(Fig. 8A,B,D,E). Thus, we do not consider Par- 
ker's two morphogroups of G. siphonifera as 
having the same biological meaning as the 
Type I and II forms recognized by Faber et al. 
(1988, 1989). It is likely that Parker's Group I 
and n forms are ecophenotypes since she 
found latitudinal differences in their distri- 
bution. 

Qualitative observations of serially dissect- 
ed specimens reveal no recognizable differ- 
ences between the Type I and II shells. 
Changes in wall texture, apertural morphol- 
ogy and position, and chamber arrangement 
that characterize the growth stages of both 
forms occur at somewhat variable chamber 
numbers in the ontogeny, and their morpho- 
logic expression is indistinguishable. Our ob- 
servations generally confirm the size and 
chamber ranges for growth stage transitions 
in G. siphonifera that were outlined by Brum- 
mer et al. (1987). We found that for both Type 
I and II forms, onset of the juvenile stage (im- 
mediately following the prolocular stage) oc- 
curs at test diameters between 20 and 30 jjum, 
onset of the neanic growth stage occurs be- 
tween the sixth and eighth chambers, at test 
diameters between about 60 and 100 jJim, and 

onset of the adult stage occurs between the 
tenth and thirteenth chamber, at test diame- 
ters between about 180 and 300 ixm. Given the 
similarities in ontogenetic morphology of 
Types I and II and the considerable variability 
in test size at the growth stage transitions, the 
only hope of identifying morphological dif- 
ferences in what are clearly biologically dis- 
tinct species lies with the biometric study of 
populations. 

Biometric Results 

Data from Shell X Rays.—Most of the mea- 
surements from X-ray images reveal a high 
degree of morphologic variability and little or 
no difference between adult populations of 
Types I and II. No significant differences were 
found in the number of chambers in the initial 
and final whorls, total chamber number, and 
ultimate/penultimate and penultimate/ante- 
penultimate chamber diameter ratios (Table 
3). However, populations of Type I have fewer 
kummerform chambers and the test diameters 
average 100 (Jim greater than those in Type II 
populations (Fig. 9). This observation is con- 
firmed by laboratory studies (Faber et al. 1989; 
J. Bijma et al. unpublished). In addition, a 
greater frequency of sinistrally coiled forms 
was observed in Type I, but none of these is a 
unique feature that can be used to distinguish 
Type I from Tj^e II individuals. 

Also similar are plots of the relative in- 
crease in cross-sectional chamber area (Fig. 
10). In all measured specimens, the deutero- 
conch is always smaller than the proloculus 
and the ensuing chamber growth is log-linear. 
These plots reveal a greater variability in 
chamber areas for the Type II population than 
for the Type I population. Inflections in the av- 
eraged chamber growth curves (Fig. IOC) in- 
dicate allometric growth for both forms, with 
the changes in slope corresponding to the 
morphologically determined transitions from 
the prolocular-juvenile, juvenile-neanic, and 
neanic-adult growth stages. The averaged 
chamber areas for each form are sinusoidally 
distributed arovmd the calculated exponential 
regression line, and the slopes and correlation 
coefficients of those lines are also nearly the 
same (Fig. 11 A). 

Relative rates of chamber size increase are 
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FIGURE 8. Scanning Electron Micrographs of Pleistocene G. siphonifera specimens from DSDP Site 154A (Sample 
154A-1-1, 93-107 cm), located in the western Caribbean. Scale bars represent 100 |j,m for all figures except 8C and 
8F, which represent 10 m. 8A~C, "Type I" specimen. 8A, Umbilical view; 8B, Edge view; 8C, Interior view of pores 
on the 15th chamber showing 16% porosity and an average pore diameter of 4.0 |xm. 8D~F, "Type 11" specimen. 
8D, Umbilical view; 8E, Edge view, 8F, Interior view of pores on the 14lh chamber showing 2.4% porosity and an 
average pore diameter of 1.2 jxm. The specimens collected from Site 154 have a coarser surface texture than the 
SCUBA-colIected specimens (Fig. 7), probably due to gametogenic calcification, which does not affect shell porosity 
as view^ed from the chamber interior. 

i 

/• 

yf-" 

-V. 

calculated by subtracting the mean cross-sec- 
tional area of each chamber from that predict- 
ed by the linear regression. The pattern of 
these residuals (Fig. 11B,C) is remarkably sim- 
ilar for Types I and II and their reversals in 
slope correspond with the ontogenetic growth 
stage transitions. Correspondence of residual 
patterns and growth stages was also observed 
by Brummer et al. (1987) in their plots of test 
diameter versus chamber number for G. sac- 
culifer and G. ruber "pink." 

The most significant differences measured 
from X-ray images of Type I and II specimens 
w^ere obtained frora analysis of the chamber 
coiling. TTVO examples of X-ray tracings with 
overlays of log-spiral grow^th curves illustrate 
these differences in Figure 12. The higher ex- 
ponential regression slope and correlation co- 
efficient for the Type I specimen reflect a more 
evolute and less variable coiling than is indi- 
cated by the slope and correlation coefficient 
shown for the Type 11 specimen. A similar re- 
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X 
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TABLE 3.    Biometric results from analysis of X-ray Images of specimens of G. siphonifera Types I and 11. See text for 
explanation of metrics, la = 1 standard deviation. 

Type I (n = 68) Type II ( n = 42) 

Measurement Mean Iff Range Mean Iff Range 

Total no. chambers 14.52 1.26 12.00-17.00 14.38 1.47 13.00-18.00 
Percent left coiled 68% — — 45%     
Percent kummerform 4% — — 18%     
No. chambers initial whorl 4.78 0.30 4.25-5.00 4.68 0.47 4.00-5.50 
No. chambers final whorl 4.57 0.35 3.50-5.00 4.31 0.40 3.50-5.00 
Max. test diam. (|xm) 549.05 113.03 344.35-790.33 448.63 87.62 312.01-606.80 
Penultimate/ult. chbr diam. 0.80 0.12 0.68-1.30 0.82 0.13 0.68-1.10 
Antepenultimate/penultimate chbr. diam. 0.77 0.07 0.56-0.93 0.78 0.06 0.67-0.94 
Ult. chamber rl/r2 1.02 0.08 0.93-1.31 1.03 0.11 0.85-1.31 
Penultimate chamber rl/r2 1.00 0.08 0.87-1.11 1.04 0.09 0.88-1.28 
Antepenultimate chamber rl / r2 1.00 0.05 0.90-1.13 1.09 0.08 0.91-1.21 

suit was obtained from an analysis of the total 
Type I and II populations. The data for both 
the regression slopes and correlation values, 
presented in Table 4, average more than one 
standard deviation value higher than those for 
the Type II specimens, although there is some 
overlap. We used a Mann-Whitney U-test to 
determine the significance of these values. 
This is a nonparametric approach that ranks 
the values for both populations for the variate 

Chamber No. 

FIGURE 9. Chamber-by-chamber plots of increase in 
maximum test diameter for G. siphonifera Types 1 and II. 
Note that most Type 1 specimens attain a larger maxi- 
mum test size and have lower variability in diameter per 
chamber number 

being studied and tests for differences in the 
sum of the raiikings for each of the two 
groups; the hypothesis to be tested is that the 
values were drawn from identical distribu- 
tions. In both comparisons, the Type I popu- 
lation had significantly higher values than the 
Type II {p « 0.001), showing that the Type I 
specimens had higher slopes and higher cor- 
relations. 

Proloculus Diameter.—Proloculus diameters 
measured from dissected specimens also re- 
vealed no significant difference between Type 
I and II populations (Table 5). The mean value 
for Type I specimens (13.38 |j,m) is within one 
standard deviation of the mean value for Type 
II specimens (15.62 \xm), and their minimum 
and maximum values are within only 2 (Jim of 
each other. Brummer et al. (1987) found a 
greater range of variation in this measurement 
in G. siphonifera and suggested that it is not a 
very useful character for taxonomic distinc- 
tion. 

Shell Rrrosity.—^Results of chamber-by-chamber 
measurement of the shell porosity in serially 
dissected specimens of G. siphonifera Types I 
and II demonstrate that adult Type I chambers 
on average attain more than two times greater 
shell porosity than Type II specimens (Table 
6). Porosity values for both forms increase 
from none in the proloculus to less than 5% 
through the juvenile and neanic growth stages 
(Figure 13). By the adult stage porosity differ- 
ences become very apparent. Type I adult 
chambers mostly range between 10% and 20% 
porosity and reach up to 30% porosity, where- 
as Type II specimens mostly range between 
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FIGURE 10. Chamber-by-chamber plots of cross-sectional chamber area for Individual specimens and population 
means of G. siphonifera Types I and II. Measurements made from digitized high-resolution X-ray images. 9A, On- 
togenetic trajectories measured from individual Type I specimens. 9B, Ontogenetic trajectories measured from in- 
dividual Type II specimens. 9C, Mean values for Types I and II. 

4% and 7% and reach up to 10% porosity. 
Maximum porosity values are consistently 
reached in either the ultimate or penultim.ate 
chamber of adult specimens, but chamber 
num.ber carmot be used to predict porosity 
values directly, as there is considerable inter- 
specimen variation amongst the Type I and II 
populations. 

The ontogenetic increase in shell porosity is 
prim.arily a function of increasing pore di- 
ameters, since pore concentrations show little 
ontogenetic change. Pore dianieters in the ul- 
tiniate and penultimate cham.bers of adult 
Type 1 specim.ens generally range between 4 
and 5 (Jim, whereas those of Type II adult 
specimens range between 1 and 2 [x,m. Results 
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FIGURE 11. Cross-sectional chamber area increase during the ontogeny of G. siphonifera Types I and II. IIA, Com- 
posite relative growth curves; note that linear regressions and correlation coefficients are nearly identical for the 
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neanic, and a = adult. 
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FIGURE 12. Comparison of the predicted logarithmic curve and actual coiling metrics for Type I and II specimens 
that were digitized from high resolution X-ray images. X-ray tracings are shown for Type I and II specimens with 
centers of form for each chamber and the predicted growth spiral. Y-intercept values and slopes for the exponential 
regressions and correlation coefficients are given for each example. 

of previous plariktonic foraminifer shell po- 
rosity studies could be taken to indicate that 
the lower porosity of G. siphonifera Type II is 
consistent with its growth in deeper (cooler) 

surface waters than Type I. Comparison of the 
shell porosity in a number of living tropical 
species (Wiles 1967; Be 1968) and Recent trop- 
ical and subtropical species (Frerichs et al. 
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TABLE 4. Summary of shell coiling data obtained from X-ray images of G. siphonifera Types I and II, including 
slopes of the exponential regression curve, y-intercept values, and correlation coefficients. See text and Figure 12 
for explanation of results. Specimen ID refers to identification codes used to locate X-ray images of each specimen. 

Type I (n -25) Type II (n = = 19) 

Specimen ID Slope y-value r' Specimen ID Slope y-value r' 

8941al 1.160 136.770 0.982 894iiala 1.045 128.170 0.945 
8941a2 1.180 94.860 0.990 894iialb 1.05 112.540 0.922 
8941a5a 1.120 114.700 0.984 894iia2a 0.991 153.950 0.841 
8941a6a 1.060 114.350 0.986 894iia2b 1.061 118.850 0.974 
8941a7a 1.058 98.720 0.990 894iia3a 1.039 129.530 0.887 
8941a9a 1.102 121.600 0.984 894iial0a 1.053 147.160 0.994 
894ibla 1.063 114.351 0.986 894iibla 1.045 107.940 0.960 
894ib7b 1.274 93.850 0.986 894iiblb 1.087 85.300 0.852 
894icla 1.066 137.760 0.984 894iib2b 1.01 118.920 0.910 
894ic5b 1.114 152.950 0.990 894iib5b 0.92 120.700 0.897 
894ic7a 1.095 162.700 0.988 894iib6b 0.988 97.340 0.980 
894idla 1.227 113.020 0.966 894iib9b 0.879 117.500 0.931 
894id2a 1.103 126.800 0.984 894iic8b 0.823 105.680 0.891 
894id2b 1.181 107.890 0.992 492iiad4 1.04 161.060 0.937 
894id3a 1.132 111.460 0.956 492iiael 1.06 107.400 0.966 
894id6b 1.079 127.580 0.986 492iibc5 1.03 141.870 0.951 
894id9b 1.167 131.080 0.960 492iiad3 1.05 86.740 0.976 
894idl0b 1.085 138.420 0.976 492iibd3 0.945 125.290 0.984 
894idllb 1.160 90.870 0.978 492iibe5 0.941 72.860 0.929 
492iba4 1.080 140.550 0.992 
492iaal 1.200 109.700 0.976 
492iba3 1.130 99.420 0.974 
492icb2 1.210 113.000 0.974 
492iba5 1.080 141.280 0.986 
492icb3 1.140 87.490 0.978 

Mean 1.131 119.247 0.981 Mean 1.003 117.832 0.933 
Std. dev. 0.058 19.946 0.009 Std. dev. 0.0706 23.299 0.044 
Min. value 1.058 87.490 0.956 Min. value 0.823 72.860 0.841 
Max. value 1.274 162.700 0.992 Max. value 1.087 161.060 0.994 

1972) with surface water temperature sug- 
gested these variables are directly proportion- 
al. For G. siphonifera, Frerichs et al. (1972) 
found that tropical specimens collected from 
sediment surfaces below ~28.5°C surface wa- 
ters had porosities averaging 7.3%, whereas 
subtropical specimens from below ~22.5°C 
surface waters averaged 5.2% porosity. How- 
ever, the laboratory culture study of Bijma et 
al. (1990) found that there is only a 2% differ- 
ence between G. siphonifera (undifferentiated) 
specimens grown in 13°C water versus 30°C 
water. This would not account for the greater 
than 10% difference in porosity observed in 

TABLE 5. Proloculus dimensions (in jxm) from com- 
pletely dissected specimens of G. siphonifera Types I and 
II. 1(T = 1 standard deviation. 

Type I (n = 18) Type II (n = 12) 

Mean 
ICT 
Range 

13.38 
1.96 

11.04-18.40 

15.62 
2.30 

13.10-20.50 

SCUBA-collected populations of Types I and 
II from Curasao (Table 6). 

Discussion 

Multiple lines of biological evidence indi- 
cate that G. siphonifera Types I and II are sep- 
arate species, but, in addition to differences in 
shell chemistry, the only readily discernible 
difference between the empty shells of SCU- 
BA-collected Type I and II individuals is the 
much larger porosity in Type I specimens. Bi- 
ometric analysis reveals that the Type I and II 
growth morphologies are indistinguishable 
for all measured characters except shell coil- 
ing, but the more evolute coiling of Type I 
specimens is apparent orJy among measured 
populations, not individuals. We conclude, 
therefore, that G. siphonifera Types I and II are 
living examples of cryptic speciation; their 
speciation would go unrecognized using the 
traditional paleontological species definition. 
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TABLE 6. Porosity values determined from completely dissected specimens of G. siphonifera Types I and II. Mea- 
surements obtained from SEM images by measuring pore diameters and pore concentrations of the shell interior 
at 10,000X magnification. ICT = 1 standard deviation. 

Type I (ti - 12) Type II (« = 8) 

Chamber # Avg. lo Range Avg. lo Range 

1 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
2 0.02% 0.01% 0.00-0.03% 0.23% 0.64% 0.00-1.81% 
3 0.38% 0.30% 0.11-0.77% 0.43% 0.65% 0.00-1.87% 
4 0.92% 0.80% 0.14-2.45% 0.56% 0.54% 0.00-1.50% 
5 1.57% 1.22% 0.11-3.37% 0.93% 0.94% 0.00-2.51% 
6 1.42% 1.06% 0.39-3.42% 1.54% 1.65% 0.00-4.04% 
7 1.96% 0.75% 0.83-3.47% 1.88% 1.32% 0.00-3.86% 
8 1.75% 0.56% 0.73-2.83% 1.80% 1.02% 0.82-3.76% 
9 1.90% 0.43% 1.28-2.54% 2.02% 0.49% 1.10-2.61% 

10 2.30% 0.99% 1.21-3.87% 2.09% 0.99% 1.01-4.16% 
11 3.28% 1.39% 1.78-6.61% 2.68% 1.03% 1.28-4.70% 
12 6.52% 3.62% 2.66-12.89% 2.66% 1.14% 1.57-5.18% 
13 10.12% 4.63% 4.08-18.20% 3.54% 1.49% 1.39-6.01% 
14 13.84% 4.79% 5.96-23.72% 4.50% 0.91% 2.83-5.53% 
15 20.37% 5.02% 15.32-29.34% 5.35% 0.90% 3.98-6.41% 
16 18.11% 0.60% 17.65-18.96% 6.80% 2.53% 3.90-10.11% 
17 7.41% 0.00% 7.41% 

which requires distinctive skeletal morpholo- 
gies. 

The biological significance of the porosity 
differences between Types I and II is not clear 
since shell pore size in planktonic foraminif- 
era may be dependent on a combination of en- 
vironmiental and genetic factors. Beyond the 

constraint of genetic inheritance, shell poros- 
ity has been directly correlated to metabolic 
activity and foraminifer grow^th rates (Bijma, 
Faber, and Hemleben 1990). Such a correlation 
would suggest that specimens with the larger 
pore sizes (e.g.. Type I) live in warmer surface 
waters (at shallower depths) and/or have a 

123456789 1011121314151617 

Chamber No. 

123456789 1011121314151617 

Chamber No. 

FIGURE 13. Shell porosity measurements from completely dissected G. siphonifera Types I and II specimens that 
were collected by SCUBA divers. 13A,B, Chamber-by-chamber plots of shell porosity for G. siphonifera Type I and 
II individuals. 13C,D, Histogram plots of mean chamber porosity with an error bar representing one standard de- 
viation about the population means. Morphologically determined ontogenetic growth stages are indicated as fol- 
lows: p = prolocular; j = juvenile; n = neanic; a = adult. 
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greater symbiont density than specimens with 
the smaller pore sizes (e.g.. Type II). However, 
our observations do not entirely agree with 
this prediction. Oxygen isotopic, Mg/Ca ra- 
tio, and pigment analysis data suggest that 
Type I grows at shallower depths, but we have 
observed that its symbiont density is signifi- 
cantly lower than in Type II. Some simple cul- 
ture experiments should illuminate the degree 
to which environmental factors can influence 
pore size in the Type I and II populations. 

We are uncertain how much of the physio- 
logical and stable isotopic differences ob- 
served between G. siphonifera Types I and II re- 
sult from genetic differences between the host 
foraminifer cells versus infection by geneti- 
cally different endosymbionts. Nor can we as- 
certain whether the intracellular differences 
between the Type I and II symbionts observed 
by Faber et al. (1988) result from growth of ge- 
netically identical symbiont cells in genetical- 
ly different hosts, or if the symbionts them- 
selves are in fact genetically different. DNA 
sequencing of the Type I and 11 symbionts (K. 
Darling et al.unpublished) should help to clar- 
ify this uncertainty. In an effort to determine 
host-symbiont specificity, we starved Type I 
and II foraminifers to rid them of their sym- 
bionts (by digestion or expulsion from the cy- 
toplasm) and then tried reinfecting them with 
symbionts from the opposite host. However, 
these experiments failed since the host cells 
died before completely ridding themselves of 
their symbionts. 

Breeding experiments on G. siphonifera 
Types I and II are presently not possible since 
gamete fusion in planktonic foraminifera has 
never been documented definitively in the 
laboratory environment. Nonetheless, accom- 
plishments in culturing planktonic foraminif- 
era have begun to clarify some of the sophis- 
ticated physiological control mechanisms that 
ensure regular completion of the reproductive 
process (Hemleben et al. 1989). A better un- 
derstanding of the reproductive mechanisms 
can, in turn, provide some insight into the 
speciation process in planktonic foraminifera. 

At the onset of gametogenesis, spinose spe- 
cies resorb and/or shed their spines and the 
shell thickens by the addition of a patchy or 
continuous layer of calcite. Addition of this 

layer affects only the outside of the shell and 
does not influence the size of the shell pores. 
Simultaneously, the parent cell undergoes 
very rapid nuclear division. Within 20 hours 
of the begirming of nuclear division gameto- 
genesis occurs and the parent cell dies. It is 
hypothesized that gametes from two different 
parent cells fuse to form a zygote in an exclu- 
sively sexual reproductive cycle, but this has 
never been observed. Although the odds 
against gametes of the same species ever com- 
ing into contact in the open ocean seem great, 
planktonic foraminifera have developed sev- 
eral adaptive strategies that help maximize 
the probability of gamete fusion. These in- 
clude (1) release of high numbers of gametes 
(e.g, -300,000-400,000 per parent cell), (2) 
production of motile gametes that contain suf- 
ficient food reserves for prolonged locomo- 
tion, (3) synchronization of gamete release 
with distinct phases of the moon (Spindler et 
al. 1979; Bijma, Erez, and Hemleben 1990, Erez 
et al. 1991, and (4) establishment of a depth 
preference for reproduction (Bijma et al. 1994). 

Speciation Process 

The co-occurrence of living specimens of 
Types I and II that were collected at the same 
location and water depth in the tropical ocean 
invites the question how their common ances- 
tral population could have become reproduc- 
tively isolated. As passive inhabitants of their 
envirorunent, planktonic foraminifera are dis- 
tributed wherever water currents, turbulence, 
and other hydrodynamic events carry them. 
Limits to their distribution are generally con- 
trolled by watermass boundaries, vertical oce- 
anic gradients, and the arrangement of cli- 
matic belts (Be 1977). Mixing of surface waters 
occurs on a global scale over a relatively short 
(-1000 yr) time interval (Broecker 1974) and 
is most intense in high-energy regions of the 
ocean such as downwelling or upwelling 
zones where dispersal of individuals occurs 
over a considerable volume of water. Thus, the 
oceanographic and climatic barriers to gene 
flow among the oceanic plankton tend to be 
diffuse and the strength and distribution of 
those barriers change over geological, rather 
than ecological, time scales. 

The timing of separation of the Type I and 
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FIGURE 14. Pore diameters of Pleistocene specimens of G. siphonifera from a western Caribbean deep-sea sample 
(DSDP Sample 154A-1-1, 93-107 cm) obtained from SEM images of interior views of the final chambers from dis- 
sected adult specimens. Assignment to the Type I and II morphogroups is based only on comparative pore di- 
ameters among living populations. 

II clades from their common ancestor is dif- 
ficult to discern from the fossil record. Speci- 
mens of G. siphonifera from seafloor sediments 
have a more coarsely pustulose surface tex- 
ture than SCUBA-coUected specimens (Fig. 8), 
probably because the seafloor specimens add- 
ed calcite to their shells just prior to gamete 
release (i.e., gametogenic calcification). As a 
result, differences in shell porosity can be de- 
termined only by dissecting adult chambers 
and measuring their porosity using from SEM 
images (note: the addition of gametogenic cal- 
cite is restricted to the outer chamber surfaces, 
and does not fill in the shell pores). 

Hitherto, efforts to resolve when the Type I 
and II morphogroups diverged from their 
common G. siphonifera ancestor (which ranges 
back to the middle Miocene) have been limit- 
ed to analysis of several deep-sea Pleistocene 
core samples from the Atlantic and Pacific 
sides of the Isthmus of Panama (DSDP Sites 
154 and 155). A majority of the G. siphonifera 
specimens that have been picked thus far are 
tightly coiled and yield a unimodal distribu- 
tion of pore diameters (averaging ~1.5 jjim) 
and porosity values of less than 3%, which are 

consistent with the Type II morphology. How- 
ever, one sample from the western Caribbean 
(DSDP Sample 154A-1-1, 93-107 cm) yields a 
bimodal distribution of pore diameters, with 
adult chamber pores of one group of speci- 
mens ranging from 1 to 2 ixm and those of the 
other group ranging from 3 to 4 jjim (Fig. 14). 
Measurement of shell porosity and tightness 
of coiling will need to be extended back to the 
middle Miocene, when G. siphonifera first ap- 
peared, to determine the timing of the Type I 
and II morphological divergence. 

SCUBA-coUection and identification of Tj^es I 
and II have so far been done at relatively few 
localities, including marine stations in the Ca- 
ribbean (e.g, Curasao, Barbados, and Jamai- 
ca), northeast Australia, and Catalina Island 
(off southern California). By sequencing the 
DNA from specimens collected in plankton 
nets, we should be able to accurately identify 
whether Type I and II presently have a global 
distribution. Although downcore and global 
distributional information is limited, it is 
worth discussing which of the following spe- 
ciation models is most likely to have contrib- 
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uted to the reproductive isolation of the Type 
I and Type II populations. 

Alhparapatric Speciation.—^AUoparapatric spe- 
ciation occurs when populations of an ances- 
tral species begin to differentiate after their 
geographic segregation, become sympatric 
over a limited area, and complete their diver- 
gence because of interactions between the dif- 
ferentiated populations in the zone of sym- 
patry (Mayr 1942; Brooks and McLennan 
1991). This model is more appropriately ap- 
plied to the oceanic plankton than the allo- 
patric model since no ocean basin is complete- 
ly isolated by a continental barrier, and, there- 
fore, differentiation must occur across a geo- 
graphic cline. 

One relatively recent tectonic event that has 
influenced biotic evolution in the Caribbean 
and eastern Pacific is the emergence of the 
Isthmus of Panama, which has been above sea 
level since about 3.5 Ma (Coates et al. 1992; 
Collins 1996). Clear evidence for allopatric 
speciation following this uplift has been ob- 
tained for a number of benthic marine groups 
(e.g., Woodring 1966; Herm 1969; Crouch and 
Poag 1979; Lessios 1981; Vermeij 1987; Cronin 
and Ikeya 1990). The rise of the isthmus may 
explain the different stratigraphic ranges of 
several planktonic foraminifer taxa on the At- 
lantic versus Pacific side beginning three to 
four million years ago (Parker 1973; Saito 
1976; Keigwin 1982; Pearson 1995; Cronin and 
Dowsett 1996). Incongruence in these plank- 
tonic foraminifer distributions is probably re- 
lated to changes in watermass conditions as 
well as to segregation of planktonic foramin- 
ifer gene pools following the isthmus uplift. 

It is possible that populations of G. siphoni- 
fera became subdivided and reproductively 
isolated as the Isthmus of Panama emerged, 
resulting in the vicariant evolution of the Type 
I and II forms. The hypothesis that marine 
flooding has occurred across the isthmus after 
its initial uplift (Cronin and Dowsett 1996) 
could explain how the Type I and II popula- 
tions merged following their initial segrega- 
tion. This alloparapatric model would predict 
that the morphotypes initially varied clinally 
around the tropics, with an Atlantic-wide dis- 
tribution of predominantly one genotype and 
an Indo-Pacific distribution of the other after 

3.5 Ma. However, a majority of specimens ob- 
served from Miocene through Pleistocene 
deep sea cores from DSDP Sites 154 and 502 
(on the Caribbean side of the isthmus) and 
Site 503 (on the Pacific side of the isthmus) re- 
veal only one sample from the Pleistocene 
(154A-1-1, 93-107 cm) with two "Type I" 
specimens, which have pore diameters rang- 
ing from 3 to 4 jjim. All other specimens have 
pore diameters of 2 jjim or less, and are con- 
sistent with a "Type 11" morphology. Inves- 
tigation of more G. siphonifera from Miocene to 
Recent samples for shell porosity and coiling 
from these and many other deep sea sites will 
be required to adequately test the allopara- 
patric model globally. 

Depth-Parapatric Speciation.—The pigment 
scan, oxygen isotope, and Mg/Ca ratio data 
cited above may indicate that Type II lives at 
a greater depth in the surface waters than 
Type I. SCUBA-coUection of these two forms 
at the same depth could be explained if plank- 
tonic foraminifera are able to control their 
bouyancy for diurnal migration in the water 
column, as has been surmised by some au- 
thors (Berger 1969; Be and Hamlin 1967; 
Holmes 1982). On the basis of seasonal and 
vertical sediment trap records. Denser (1987) 
suggested that the preferred depth of repro- 
duction for G. siphonifera is between 50 and 75 
m. However, vertical segregation of Type I 
and II populations has gone unnoticed since 
these forms have only been discriminated 
among SCUBA-coUected populations. If ver- 
tical segregation of Types I and II could be 
demonstrated in living populations, particu- 
larly at the time of gamete release, a depth- 
parapatric speciation model (sensu Lazarus 
1983) may explain their speciation. Establish- 
ment of differences in depth habitats has been 
proposed as a possible mechanism for isolat- 
ing the ancestral and descendent populations 
of the Globorotalia crassaformis-Gldborotalia trun- 
catulinoides lineage (Lazarus et al. 1995) and 
the fohsellid lineage (Norris et al. 1996), but 
much n\ore detailed studies are needed to go 
beyond the present speculation. 

Testing the depth parapatric model for 
Types I and II would first require daily plank- 
ton tows using vertically stratified nets over 
the course of several months at multiple lo- 
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cations to determine if the the two populations 
are reproductively isolated today. It would 
also require the abililty to differentiate Type I 
from Type II populations in the downcore rec- 
ord to determ^ine the rate and tim^ing of their 
differentiation. In short, "proving" depth par- 
apatry in this group will be not be a simple 
task. 

Sympatric Speciation.—Co-occurrence of adult 
Type I and II specimens in tropical surface 
waters today could indicate that cladogenesis 
of their common ancestor occurred without 
geographical or vertical segregation. The sym- 
patric model has been cited as the most likely 
mode of speciation among the oceanic plank- 
ton (Lazarus 1983, 1986; Lazarus et al. 1995). 
Although this model is theoretically attractive, 
any mechanism proposed to lead to segrega- 
tion of coexisting parent and daughter popu- 
lations is hard to envisage in the open ocean 
environment. 

One such mechanism, is a divergence in the 
timing of the Type I and II reproductive cycle. 
Plankton tow and laboratory culture studies 
suggest that the reproductive cycles of spinose 
planktonic foraminifera are synchronized 
with distinct phases of the moon (Hemleben 
et al. 1989; Bijma, Erez, and Hemleben 1990; 
Bijma and Hemleben 1994). Most species are 
tuned to the full moon phase of the lunar cycle 
while some, including G. siphonifera (undiffer- 
entiated) have a secondary abundance peak 
tuned to the new moon phase (Bijma, Erez, 
and Hemleben 1990). It is not clear, however, 
if the semi-lunar component of the G. siphon- 
ifera reproductive cycle is consistent through- 
out the year or if it is geographically wide- 
spread, since the study of Bijma et al. (1990) 
spanned only one new moon phase in the Red 
Sea. Nor is it known which, if either, cycle is 
dominantly represented by Type I or II pop- 
ulations since no systematic effort has been 
made to discriminate these forms in a time se- 
ries of plankton tows. Our qualitative obser- 
vations from blue-water SCUBA dives in the 
Caribbean point toward lunar and semi-lunar 
segregation of reproductive cycles in the Type 
I and II populations, respectively, but these 
could easily have been biased by patchiness of 
population distributions in the surface waters. 

Seasonal   offsets   of   reproductive   cycles 

could also have influenced segregation of the 
Type I and II genomes. Although seasonal 
changes in surface waters are currently not 
significant in most open ocean areas of the 
Tropics, this is not the case in tropical up- 
welling zones and this may not apply to the 
geological past. Seasonal cyclicity of plank- 
tonic foraminifer phenotypes has been dem- 
onstrated for Neogbboquadrina pachyderma from 
tem^perate regions (Reynolds and Thunell 
1986), but living populations of these pheno- 
types have not been collected to determine if 
they differ genetically. Nonetheless, the pres- 
ence of Type I and II formes throughout the 
year in areas where they have been identified 
would argue against seasonal offsets in their 
reproductive m.ode, and the high m^ixing rate 
in surface waters would likely overcome any 
seasonal isolating effects of an upwelling 
zone. 

The sympatric speciation model requires 
not only observation that sister species are 
currently sympatric, but also that they were 
sympatric at the time of speciation (Brooks 
and McLerinan 1991). As discussed previous- 
ly, the fossil record of G. siphonifera so far has 
revealed specimens assignable only to the 
Type II form. Clearly a m.uch more rigorous 
study of the deep-sea record will be required 
to test the possibility that cladogenesis oc- 
curred in sympatric populations of G. siphon- 
ifera. 

Conclusions 

Biological and geochemical evidence over- 
whelmingly suggest that G. siphonifera Types I 
and II are sister species, despite the morpho- 
logical similarity of their empty shells. Biolog- 
ical justification for their separation includes 
(1) different arrangement of the rhizopodial 
network; (2) presence of chrysophycophyte 
endosymbionts with different cellular micro- 
structures; (3) different responses to labora- 
tory culture experiments; (4) greater amount 
of chlorophyll a pigment and higher carot- 
enoid / chlorophyl a ratio in Type II symbionts; 
(5) presence of commensals in Type I speci- 
mens, but absence of commensals in Type II; 
(6) more positive oxygen and carbon isotopic 
composition and lower Mg/Ca ratios of Type 
II shells; and (7) significant genetic differences 
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determined from DNA sequencirig of the SSU 
rRNA gene. 

Most biometric data from SCUBA-coUected 
shells of G. siphonifera indicate no significant 
differences between the Type I and II popu- 
lations. Some subtle biometric differences that 
were identified include recognition that Tjrpe 
I adults (1) attain a larger test size; (2) have 
fewer kummerforn chambers; (3) have a great- 
er frequency of sinistrally coiled forms; (4) are 
more evolutely coiled; and (5) show less coil- 
ing variability. On the other hand, shell po- 
rosity was found to be consistently different in 
the two forms, with Type I having a much 
greater porosity than Type II. But determi- 
nation of porosity differences among speci- 
mens recovered from the seafloor requires 
SEM observation of dissected shells and de- 
tailed wall ultrastructure study since game- 
togenic calcification obscures observation of 
primary shell porosity in external view. This 
has prevented our determination whether or 
not the holotypes of Globigerina siphonifera 
d'Orbigny or Globigerina aequilateralis Brady (a 
junior synonym of G. siphonifera) are assigna- 
ble to Type I or II since both were collected 
from sediments. In addition, the differences in 
shell porosity and shell biometry would not be 
considered sufficient to justify spedes-level 
distinction using a traditional "paleontologi- 
cal" approach to planktonic foraminifer tax- 
onomy. We hesitate to name new species to ac- 
commodate Types I and II until we have a bet- 
ter understanding of the genetic versus eco- 
logic control of their shell porosity, and until 
we have investigated the holotypes of G. si- 
phonifera and G. aequilateralis further. 

Our inability to distinguish Type I from 
Type II shells suggests that speciation in G. si- 
phonifera is cryptic. Cryptic speciation has also 
been proposed for the Fohsella lineage of Neo- 
gene planktonic foraiiunifera on the basis of 
oxygen isotopic evidence for changes in re- 
productive ecology in the absence of morpho- 
logical change (Norris et al. 1996). The results 
obtained from our study of G. siphonifera sug- 
gest that the genes that control nearly all as- 
pects of shell morphology, at least in these in- 
stances, are conservative compared to the 
genes that control cellular physiology and me- 
tabolism. This implies that foraminifer shells 

are highly adapted to their ambient environ- 
ment, such that there is no advantage to 
changing shell architecture when a shift in 
depth ecology occurs. This has important im- 
plications for foraminifer taxonomy, particu- 
larly regarding our understanding of the rates 
of evolution, survivorship, and species diver- 
sity of plariktonic foraminifera. 

Speciation mechanisms that could lead to 
segregation of once genetically homogeneous 
populations of planktoruc foraminifera are 
presently poorly understood. The allopatric 
model of Mayr (1963, 1970) is an unlikely 
mode of speciation in oceanic microplankton 
since reproductive barriers separating small, 
isolate populations could not exist long 
enough in the open ocean to result in specia- 
tion (Lazarus 1983; Lazarus et al. 1995). The 
modern distribution pattern of G. siphonifera is 
compatible with the depth parapatric (Laza- 
rus 1986) and sympatric (Maynard Smith 
1966) speciation models, but development of 
discontinuities in the surface-water environ- 
ment or offsets in the reproductive cycle seem 
insufficient to isolate the gene pools of organ- 
isms living in the surface mixed layer of the 
open ocean. Also viable is the alloparapatric 
speciation model (Mayr 1942), which may ap- 
ply if the timing of the emergence of the Isth- 
mus of Panama is proven to correlate with the 
divergence of the G. siphonifera phenotypes. 
Systematic downcore study of Neogene sedi- 
ments from both sides of the Panama Isthmus 
and elsewhere in the Tropics should help con- 
strain the timing and distribution history of 
the Type I and II taxa. Improved knowledge 
of the reproductive biology of planktonic fo- 
ramirufera will also be critical to an enhanced 
understanding of speciation mechanisms in 
planktonic foraminifera. 
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