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SUMMARY

The fossil record provides empirical patterns of morphological change through time and is central to
the study of the tempo and mode of evolution. Here we apply likelihood-based time-series analyses
to the near-continuous fossil record of Neogene planktonic foraminifera and reveal a morphological
shift along the Truncorotalia lineage. Based on a geometric morphometric dataset of 1,459 speci-
mens, spanning 5.9-4.5 Ma, we recover a shift in the mode of evolution from a disparate latest
Miocene morphospace to a highly constrained early Pliocene morphospace. Our recovered dynamics
are consistent with those stipulated by Simpson’s quantum evolution and Eldredge-Gould’s punctu-
ated equilibria and supports previous suppositions that even within a single lineage, evolutionary
dynamics require a multi-parameter model framework to describe. We show that foraminiferal
lineages are not necessarily gradual and can experience significant and rapid transitions along
their evolutionary trajectories and reaffirm the utility of multivariate datasets for their future
research.

INTRODUCTION

Reconstruction of evolutionary patterns, such as gradualism, stasis, quantum evolution (QE), punctuated
equilibria (PE), and punctuated anagenesis, have driven generations of evolutionary biologists and palae-
ontologists to understand the history of life (e.g., Darwin, 1859; Depéret, 1907; Simpson, 1944; Eldredge
and Gould, 1972; Gould and Eldredge, 1977; Wei and Kennett, 1988; Hunt, 2006; Hunt et al., 2015).
Many fossil groups have been used to document evolutionary trends (see Hunt, 2007). Among them, the
planktonic foraminiferal fossil records are recognized as being especially useful for studying the tempo
and mode of evolution (Frerichs, 1971; Malmgren et al., 1983; Stanley et al., 1988; Collins, 1989; Hunt,
2006; Ezard et al., 2011; Pearson and Ezard, 2014). Planktonic foraminifera are single-celled marine protists
with calcite shells (or tests) that are distributed almost ubiquitously in the ocean (Strotz and Allen, 2013;
Hsiang et al., 2016). Tests are structurally robust and easily preserved in hemipelagic sediments and
biogenic oozes in the deep sea, which are not typically affected by high rates of erosion (Aze et al.,
2011). Under ideal sedimentation conditions, these deposits represent specimen-rich, near-continuous re-
cords of deposition (Pearson, 1993; Aze et al., 2011; Lazarus, 2011). The ability to gather large samples of
specimens at a high temporal resolution makes deep-sea microfossil records ideal for studying and under-
standing evolution (Lazarus, 2011).

Neogene planktonic foraminiferal fossil lineages have been used to interpret gradualism (Arnold, 1983;
Belyea and Thunell, 1984; Wei, 1987; Wei and Kennett, 1988), PE (Wei and Kennett, 1988), and punctuated
anagenesis (Malmgren et al., 1983, 1996). However, the last decade has seen the emergence of sophisti-
cated model-fitting techniques for time series that are ideal tools for testing the evolutionary tempo and
mode (Hunt, 2006, 2008; Hunt and Carrano, 2010; Hunt et al., 2015). These advances call for a re-evaluation
of the previously interpreted evolutionary patterns, and a consideration of understudied late Neogene lin-
eages, such as Truncorotalia, examined here. Recent truncorotalid diversity is related to the evolution of
Truncorotalia crassaformis, an extant species that arose after the Miocene/Pliocene boundary from a
contentious ancestral species (Hornibrook, 1981; Kennett and Srinivasan, 1983; Cifelli and Scott, 1986,
Bylinskaya, 2004; Boudagher-Fadel, 2012; Scott et al., 2015). Notably, Arnold (1983) hypothesized a gradual
transition from Truncorotalia juanai (=Hirsutella cibaoensis in Arold (1983)) toward T. crassaformis across
the boundary. However, by using semilandmark geometric morphometrics and maximum likelihood-based
time-series analyses (Hunt et al., 2015) we reveal an abrupt evolutionary transition along the Truncorotalia
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Figure 1. Evolution of Truncorotalia in Principal Component Analysis Space

Clusters migrate from negative to positive PC1 values across the studied intervals. This shift reflects a taxonomic change associated with the inflation of the
final chamber and is typified by a large jump in morphology at about 5.1 Ma. Note that there is no time bin for 5.3 Ma due to the lack of specimens.

(A) Truncorotalia juanai specimen (Specimen FP5584).

(B) Truncorotalia crassaformis specimen (Specimen FP5583).

Scale bars: 50 pm in (A and B). Scanning electron micrographs were taken using a JEOL JSM-6610LA at Victoria University of Wellington, under 15-kV and low
vacuum. Specimens were not coated before imaging. Specimens are housed at GNS Science, Lower Hutt 5040, New Zealand.

contradict previous theories and preclude the need for an intermediate form along the transition (sensu
Cifelli and Scott, 1986).

RESULTS

Principal component (PC) 1, derived from a Procrustes-based geometric morphometric analysis, describes
the degree of test ventral inflation (49.5% of total variance). Truncorotalia crassaformis, typically known
from Pliocene deposits, has a more ventrally elevated final test chamber compared with the typically
Miocene T. juanai (Cifelli and Scott, 1986). PC1 therefore defines the major differences between end mem-
bers of the lineage across this temporal interval and is the most useful for understanding the evolutionary
transition within Truncorotalia (Figure 1, outline reconstructions). The clusters in each time bin—specimens
from sampled horizons in PC space—transition from negative PC1 space to positive PC1 space across the
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Figure 2. Transitions of Truncorotalid Morphospace Defined by PC1 and PC2
The transition from a diverse population of Truncorotalia to a constrained Truncorotalia population is most obvious at
5.1 Ma in PC1 and is present, but more subtle, in PC2. Stars indicate where the transition occurs.

studied interval. There is a jump at 5.1 Ma (Figure 1, time bin plots and Figure 2), which was equally docu-
mented in the time-series plots (Figures 3A and 3B). Furthermore, this shift in morphology is associated
with a significant ~50% decrease in the range of morphological variation (disparity) calculated as Procrus-
tes variances (PV)—PVs 214 = 0.0063 to PVs 124 = 0.0033 (PV distance = 0.003, p value = 0.001; Figure 3C).
Overall, between 4.5 and 5.1 Ma disparity values are lower (PV ranges between 0.0021 and 0.0033) and
points cluster closer in the PC space than between 5.1 and 5.9 Ma (PV ranges between 0.0038 and
0.0063). Timing of the transition to samples with constrained morphological variation reaffirms the sug-
gested first-appearance datum of 5.1 Ma at Deep Sea Drilling Project (DSDP) Site 593 in Crundwell and
Nelson (2007). PC2 tracks the change in test shape from more axially compressed to more axially expanded
(20.4% of total variance), similar to the proposed changes in Truncorotalianoted in Arnold (1983) and Cifelli
and Scott (1986).

The time-series analyses provide overwhelming evidence of a shift along PC1 (Figure 4A; Table S2). A com-
parison of nine models supports only an unbiased random walk to stasis shift model (Akaike weight [AW] =
0.916). All other models are rejected, including the generalized random walk model (AW = 0.012) needed
to support a hypothesis of gradual phyletic change over time. Support values for PC2 also suggest a shift
(Figure 4B), either between static intervals (i.e., PE model; AW = 0.512) or from an unbiased random walk to
stasis (AW = 0.249). However, a simple unbiased random walk across the whole time series along PC2 also
received some support compared with other models (AW = 0.127) (Table S3). No statistical support for
bimodality in any time bin along PC1 and PC2 was found (Data S5).

DISCUSSION

The origin of recent truncorotalid diversity is traced back to the evolutionary event documented across the
Miocene/Pliocene boundary considered here (Kennett and Srinivasan, 1983; de Vargas et al., 1999; Bou-
dagher-Fadel, 2012; Scott et al., 2015). Truncorotalia crassaformis evolved abruptly after the Miocene/Plio-
cene boundary from a contentious ancestral species (Hornibrook, 1981; Cifelli and Scott, 1986; Bylinskaya,
2004; Scott et al., 2015). Uncertainty regarding the ancestral taxon has arisen as the appearance of
T. crassaformis has not been substantiated with a “well-authenticated evolutionary sequence” (Cifelli
and Scott, 1986, p. 50). T. juanai (Scott et al., 1990; Crundwell and Nelson, 2007), Hirsutella cibaoensis
(Arnold, 1983; Aze et al., 2011; Boudagher-Fadel, 2012), T. crassula (Kennett and Srinivasan, 1983), Globor-
otalia aemiliana (Colalongo and Sartoni, 1967; Lamb and Beard, 1972), G. subscitula (Blow, 1969), and a
"nonspecialized scituline globorotalid” (Cifelli and Scott, 1986, p. 49) have all been suggested as possible
ancestral taxa. Here we developed on Cifelli and Scott (1986) and others to support the thesis that T. juanai
(=H. cibaoensis in Arnold (1983)) experienced a rapid evolutionary transition to the ventrally inflated
T. crassaformis. This change lacked a transitional T. crassaformis population (i.e., metaspecies) along the
temporal sequence, although it is characterized by a peak in disparity immediately before the transition
where both T. juanai and T. crassaformis morphologies were present (Figures 1 and 4). Here we interpret
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Figure 3. Mean Morphology and Disparity of Truncorotalids across the Miocene/Pliocene
(A) PC1 shows a jump from an unbiased random walk to stasis at 5.1-5.2 Ma. Error bars reflect the variance in each time-bin.

(B) PC2 shows a contemporaneous but less pronounced shift than PC1. PC2 is best described by a more punctuated model. Error bars reflect the variance in
each time-bin.

(C) Disparity through time reveals an associated shift in the range of morphological variation at 5.1-5.2 Ma, demonstrating the rapid fixation of the novel
morphology following the shift. Related to Tables S1-S3.

the patterns within the context of two phyletic evolutionary theories, PE and QE, but acknowledge that
extinction-survival dynamics cannot be precluded. This interpretation rejects the notion of a gradual tran-
sition along the Truncorotalia lineage proposed by Arnold (1983). Although Arnold (1983) documented an
accelerated rate of evolution along the lineage in the early Pliocene, his broader interpretation was likely
biased by the prevailing opinion at that time: that planktonic foraminiferal evolution was predominantly
gradual (Wei, 1987; Wei and Kennett, 1988; Aze et al., 2011).

Punctuated Equilibria

The theory of PE was presented by Eldredge and Gould (1972) as an alternative to phyletic gradualism and
drove extensive research evaluating various evolutionary patterns and processes in the fossil record in
search of evolutionary stasis (e.g., Stanley, 1979; Gingerich, 1985; Turner and Paterson, 1991; Jackson
and Cheetham, 1999, Hunt et al., 2015). PE predicts that evolutionary dynamics can be described by
long periods of stability that are punctuated by rapid pulses of change. Morphological variation accumu-
lated within a lineage is therefore normally low, and the majority of variation is produced during rapid,
episodic events (Eldredge and Gould, 1972; Eldredge et al., 2005). These events occur so rapidly that
they are seldom recorded in the fossil record (Eldredge and Gould, 1972; Eldredge et al., 2005). The funda-
mental tenet of PE is therefore stasis. This feature of PE is difficult to define, and stasis is therefore generally
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referred to as “little to no net accrued speices-wide morphological change” (Eldredge et al., 2005, p. 133).
Mathematical definitions of stasis include (1) random variance over time, which assumes that the morpho-
logical conditions at one time interval are independent of those of the preceding or succeeding interval
(“stasis” model of Hunt et al. (2015)), and (2) highly constrained variance that approaches zero (“strict stasis”
model of Hunt et al., (2015)). Even unbiased random walks—variation in morphological change between
intervals about a steady mean—can also describe little to no net change (Eldredge et al., 2005).

With these stipulations in mind, we posit that our results may conform to the predictions made by PE. This is
especially the case for PC2, which recovers equivocal support for the “Punc-1" model of Hunt et al. (2015)—
stasis before and after a shift. PC1 shows support for stasis after the transition and an unbiased random walk
before the transition. This pattern does not conform to the traditional view of PE (Eldredge and Gould,
1972, Gould and Eldredge, 1977; Kirkpatrick, 1982); however, stasis as defined by Eldredge et al. (2005)
could include the basic patterns characteristic of an unbiased random walk. Truncorotalia may have there-
fore experienced PE after the Miocene/Pliocene boundary.

Quantum Evolution

Three decades before Eldredge and Gould's contribution, George G. Simpson proposed QE: a rapid shift
from one adaptive zone to another (Simpson, 1944, 1953). Simpson considered QE as one end member of a
spectrum within phyletic evolution (i.e., ancestor-descendent relationships; Simpson, 1953) with phyletic
gradualism at the other end. Simpson (1953) particularly viewed QE as the process by which higher taxo-
nomic levels (such as families and orders) originated and associated the theory with the initial explosive
phase of adaptive radiations. Although QE has been considered outdated, especially regarding the “evo-
lution” of higher taxonomic ranks, it makes certain predictions about the nature of an evolutionary (quan-
tum) shift that PE does not. QE therefore remains a viable explanation for evolutionary patterns and was
even recently interpreted as a mechanism in the adaptive radiation of bird bills (Cooney et al., 2017). As
such, we have highlighted this hypothesis as an alternative to PE.

The observed pattern of evolution from morphologies characteristic of Truncorotalia juanai to those of
T. crassaformis could be explained as a quantum evolutionary shift along the planktonic foraminiferal
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lineage given that we recover a rapid (tachytelic), “linear, but relatively short” (Simpson, 1944 p. 216), and
"all-or-none” (Simpson, 1953 p. 389) transition from an ancestral morphology to a descendant morphology.
The ancestral group—T. juanai—does not persist after T. crassaformis evolved (Simpson, 1944, 1953; Kirk-
patrick, 1982). This “sharp shift from one position [morphology] to another” (Simpson, 1944, p. 216) is docu-
mented in Figure 2 and partly mirrors the idealized representation of QE presented in Simpson (1944, Fig-
ure 31) and Kirkpatrick (1982, Figure 3) and can certainly be interpreted within the phyletic evolution
continuum of Simpson, 1953. Although aspects of this shift also conform to the stipulations of PE (see pre-
vious section), our results reveal that T. juanai was a morphologically diverse species during the Miocene
before an evolutionary event in the Pliocene, where the descendant species became morphologically con-
strained (Kirkpatrick, 1982; Arnold, 1983; Cifelli and Scott, 1986) (Figure 3). Associated transitions between
morphology and disparity are not explicitly required for PE, but are a stipulation of QE. Specifically, we
recover “... relative instability with the system shifting toward an equilibrium not yet reached” and fluctu-
ations in variation and a “new variant [that is] ... rapidly fixed” (Simpson, 1944; table 19). These dynamics
support the idea that QE might explain the major and abrupt evolutionary shift within Truncorotalia after
the Miocene/Pliocene boundary, perhaps in preference to PE.

One important expectation of QE remains difficult to infer: the shift after the Miocene/Pliocene boundary
represents a transition from one adaptive zone to another. As described earlier, the morphological shift is
associated with a ventral extension of the final test (Figures 1, 2, and 3). In Neogene planktonic foraminifera,
ventrally extended test shapes are considered to be adaptations to better exploit oligotrophic waters,
based on the observed distribution of ventrally inflated extant groups (Scott et al., 1990, 2015). Further-
more, extant Truncorotalia species are deep-water dwelling, ventrally inflated species that inhabit a
deep thermocline (Hornibrook, 1981; Boudagher-Fadel, 2012). Selection for a subset of the Truncorotalia
population about the Miocene/Pliocene boundary may therefore have produced a morphological stock
capable of adapting to a deep-oceanic zone, eventually resulting in the recent truncorotalid diversity
(de Vargas et al.,, 2001; Aze et al., 2011; Quillevere et al., 2011; Scott et al., 2015). Indeed, numerous studies
have linked changes in planktonic foraminiferal morphology to shifts in adaptive zones and responses
to environmental conditions (e.g., de Vargas et al., 1999; Quillevere et al., 2011). However, without compar-
isons to other lineages and a more detailed assessment of the paleoenvironments from DSDP Site 593, the
driver(s) behind this transition and associated adaptive responses, if present, remains speculative.

Future Directions

The first recorded appearance of Truncorotalia crassaformis in the fossil record is at 5.7 Ma (Aze et al.,
2011), before the shift recognized here. Such a scenario would predict a bimodal distribution in older sam-
ples illustrating the co-existence of both species (sensu Scott, 2011), rejecting phyletic evolution, and sup-
porting the extinction of T. juanai and survival of T. crassaformis. However, statistical tests for bimodality
failed to reject unimodality in any time bin along PC1 and PC2 (Data S5). Furthermore, morphologies
typical of T. crassaformis (positive PC1 and negative PC2 values; lower left quadrant) are exceedingly
rare in horizons before the shift. Such morphologies account for a maximum of 13% of the population
in any given Miocene sample, but account for ~27%—68% of populations in Pliocene samples (Table
S4). These data both suggest that Truncorotalia populations during the Miocene exhibit high levels of
disparity, sometimes even expanding the morphological gamut into regions similar to T. crassaformis.
However, true T. crassaformis appear abruptly and are quickly fixed to a largely confined area of morpho-
space. Future research could expand the temporal scope of our analyses, older than 5.9 Ma, which may
provide greater context for the onset of morphologies associated with T. crassaformis. Furthermore, a
study using another DSDP site preserving material that spans 5.8-4.5 Ma and that is geographically sepa-
rated from DSDP Site 593 could determine if the evolutionary event recovered here is general or localized
(sensu Lazarus et al., 1995).

Limitations of Study

Two uncertainties concerning the materials used here are noted. First, the evolutionary transition occurred
at the change from DSDP Site Hole 593 to Hole 593A residues. Although unfortunate, this would not have
impact on the recovered evolutionary patterns, as both holes were obtained from the same site (DSDP 593);
were drilled less than 10 m apart, from the same longitude and latitude; and have been treated as dupli-
cations of each other by previous workers (Kennett and von der Borch, 1986). Despite their proximity, we
cannot completely reject the possibility of a migratory event between the two holes. However, we view
this option as unlikely as planktonic foraminifera are generally well distributed within major bodies of water
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(Cifelli and Scott, 1986) and no major changes in oceanic waters masses occurred at DSDP Site 593 across
the Miocene/Pliocene boundary (Nelson and Cooke, 2001). A further control on planktonic foraminiferal
distribution is vertical niche portioning within the water column (Seears et al., 2012). This portioning would
have allowed populations to be separated, but would not have prevented the record of
Truncorotalia crassaformis at DSDP 593. As such, although a migration event is possible, it seems unlikely.
As mentioned above, a study of another hole would help explore this issue further.

The second uncertainty is the notable loss of specimens between 5.2 and 5.3 Ma, before the shift. No
typical Truncorotalia specimens are recovered from this interval, although rare, malformed individuals
(i.e., specimens with aberrant morphologies) were found (Mancin and Darling, 2015). Although malformed
individuals were not included in this study, as we wanted to assess the transition within a standard popu-
lation, it is worth noting that malforms reflect stressed populations and an abiotic response to oceanic con-
ditions (Mancin and Darling, 2015; Kontakiotis et al., 2016). Oceanic cooling at the terminal Miocene may
have affected the Truncorotalia population, producing malforms, hinting at potential drivers behind the
evolutionary events described here (Hornibrook, 1981, Malmgren and Berggren, 1987; Stanley et al.,
1988; Lear et al., 2015).

Conclusion

We documented and assessed the evolutionary transition along Truncorotalia across the Miocene/
Pliocene boundary using semilandmark morphometrics and time-series analyses. A potentially localized
and rapid evolutionary shift between two end members of Truncorotalia, T. juanai and T. crassaformis,
at 5.1-5.2 Ma reveals that the evolutionary dynamics were not gradual and rejects the notion of an interme-
diate form along the lineage (contra Arnold, 1983; Cifelli and Scott, 1986). The transition between end
members involved a major reduction in morphological diversity and a transition to a more constrained
morphological stock. Furthermore, likelihood-based time-series analyses strengthen this hypothesis
through rejection of simple gradual or random modes of evolution, in favor of shift models, which can
be interpreted within the context of both Simpson’s QE and Eldredge and Gould'’s PE. Through this study
we hope to augment research into tempo and mode in planktonic foraminifera and highlight certain expec-
tations of Simpson’s theory, which are not explicit to PE. We envision that application of these methods by
planktonic foraminiferal researchers will garnish further explicit tests of tempo and mode in this iconic fossil

group.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, four tables, and six data files and can be found
with this article online at https://doi.org/10.1016/j.isci.2018.09.013.
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Time bins

PC1 mean

PC1 variation

PC2 mean

PC2 variation

Number of specimens

4.5185
4.624
4.725
4.819
4.921
5.025
5.126
5.216
5.425
5.525
5.624
5.729
5.813
5.886

0.047824677
0.041749406
0.044311474
0.039455399
0.036157805
0.035912368
0.028714004
-0.027622986
-0.040181654
-0.006104463
-0.010927092
-0.04320383
-0.048301772
-0.075546774

0.000434703
0.000663263
0.000312265
0.000309778
0.000304769
0.000648122
0.000937043
0.001992911

0.00124135
0.000746298
0.001594211
0.001159867
0.001659668
0.000720687

-0.010357565
-0.011769851
-0.013678819
-0.013549356
-0.012696294
-0.00070798
0.0022205
0.014342546
0.005203453
0.011721271
0.01113362
-0.004300164
0.023662372
0.000298733

0.000507552
0.000785937
0.000582694

0.00066271
0.000518549
0.000506534
0.000442058
0.001455831
0.001464512
0.000886289
0.001051029
0.001502031
0.001701167
0.000926812

118
118
120
118
119

66

30
119
118

97
120

76
120
120

Table S1: Summary of the data entered into paleoTS, related to Figure 3.



Model Ancestral state 01 02 62 M o Shift (time LogL AlIC AW
bin)

StrictStasis 0.019 -1700 3414 0.000
Stasis 0.002 0.002 24.9 -44.7 0.000
URW -0.075 0.005 35.6 -66.1 0.019
GRW -0.075 0.004 0.090 36.8 -65.3 0.012
Punc-1 -0.036 0.039 0 7 37.9 -63.4 0.005
Stasis-URW -0.029 0.001 0.012 7 315 -50.5 0.000
Stasis-GRW -0.029 0.037 0.031 0.001 7 28.9 -40.5 0.000
URW-Stasis -7.512 3.982 5.253 1.79% 7 45.7 -73.9 0.916
GRW:-Stasis -7.512 3.962 5.072 7.152 1.81% 7 46.0 -68.0 0.048

Table S2: Summary data from the paleoTS model fitting for PC1 to 3 significant figures, related to Figure 4. Bold is the preferred model. ® 1=mean

one, ®2=mean 2, c’=step variance, 1= step mean, o—trait variance. LogL=log likelihood, AIC= Akaike information criterion , AW=waited AIC values.



Model Ancestral state (0] 02 62 M o Shift LogL AlIC AW
(time
bin)
StrictStasis -0.004 -40.6 83.6 0.000
Stasis -8% 0 42.6 -80.2 0.029
URW 0.001 0.002 44.1 -83.1 0.127
GRW 0.002 0.001 -0.009 44.2 -79.9 0.026
Punc-1 8.98°% -8.99°° 3.98% 7 49.2 -85.9 0.512
Stasis-URW 1.032 6.06+ 8.38° 7 48.5 -84.5 0.249
Stasis-GRW 1.032 4.084 -2.07-92 9.12°% 7 49.4 -81.4 0.054
URW-Stasis 0.001 -0.009 0.003 0 7 46.6 -75.6 0.004
GRW:-Stasis 0.001 -0.009 0.003 0.021 0 7 46.8 -69.6 0.000

Table S3: Summary data from the paleoTS model fitting for PC2 to 3 significant figures, related to Figure 4. Bold is the preferred model. ® 1=mean

one, ®2=mean 2, c’=step variance, 1= step mean, o—trait variance. LogL=log likelihood, AIC= Akaike information criterion , AW=waited AIC values.



Time bin Number of specimens Forms typical of T. crassaformis Percentage abundance

4.5185 118 80 67.797
4.6240 118 69 58.475
4.7250 120 82 68.333
4.8190 118 79 66.949
4.9210 119 76 63.866
5.0250 66 32 48.485
5.1260 30 8 26.667
5.2160 119 6 5.042
5.4250 118 0 0
5.5250 97 13 13.402
5.6240 120 11 9.167
5.7290 76 2 2.632
5.8130 120 0 0
5.8860 120 1 0.833

Table S4: Changes to abundance of forms typical of Truncorotalia crassaformis in morphospace, related to Figure 1 and Figure 2. The

forms are very rare before 5.12 Ma (0-13.4%) and increase drastically in samples younger than 5.12 Ma (26.6-68.3%).



Transparent Methods

Samples were derived from washed core microfossil residues from Deep Sea Drilling Project
(DSDP) Site 593—consisting of Hole 593 and Hole 593A—on the Lord Howe Rise
(40°30°S, 167°40°E; Nelson et al., 1986; Cooke et al., 2008). Both holes were used due to
limited material available from Hole 593 alone. Both cores were drilled continuously at the
same site from the sea floor at the same time, so represent the same stratigraphic record
(Kennett and VVon Der Borch, 1986). The abundance of Truncorotalia specimens across the
Miocene/Pliocene boundary made Holes 593 and 593A ideal for the study. DSDP 593
samples were assigned age values using a time calibration model proposed by Crundwell (see
Cooke et al., 2008), which used planktonic foraminiferal bioevents to construct the model and
was subsequently calibrated with palaeomagetic records from DSDP Site 1123 and has been
applied to DSDP 593 studies in provide age constraint (Crundwell, 2004; Crundwell and
Nelson, 2007; Cooke et al., 2008). One residue every ca. 100 kyr between 4.5-5.9 Ma was
selected using this time calibration and studied. Samples between 5.2-5.9 Ma were Hole 593
residues and samples between 4.5-5.1 Ma were Hole 593A residues. Correlation across the
holes was achieved by identifying similarly aged samples about 5.2-5.1 Ma in both holes.
Residues were sieved through 300 and 212 um sieves (to minimize ontogenetic changes in
morphology). Where possible, at least 100 standard specimens (no kummerforms, malformed
or heavily encrusted specimens) of Truncorotalia with a pseudospinose surface ultrastructure
and low slit-like apertures were sampled (see taxonomic notes in Scott et al., 1990; 2015;
Crundwell and Nelson, 2007). Malformed specimens were not studied as such specimens
may have impacted the proposed multivariate analyses and masked the evolutionary signal in
guestion. Specimens were sampled at the genus level to assess change in the genus across the
Miocene/Pliocene boundary. The changes in morphology were then linked to the two end

member species: T. juanai and T. crassaformis. However, no species-levels assignments were



made during specimen selection; samples are meant to reflect the bulk of Truncorotalia at

any given interval.

No standard Truncorotalia specimens were identified at 5.3 Ma. A total of 1459
specimens were used in this study. Individuals were mounted in axial view (the most
informative view showing morphological change), orientated and imaged using the
Automated Measurement System for Shell Morphology (Knappertsbusch et al., 2009; Mary
and Knappertsbusch, 2013; 2015; Knappertsbusch, 2016). Outlines of specimen images, as xy
coordinates, were gathered using the outlining method developed by Knappertsbusch et al.
(2009). Outline files were converted into a semilandmark array in R (R Development Core
Team, 2017) and outline points were resampled so that all specimens were represented by
200 semilandmarks whose final positions were determined by minimizing their bending
energies in Generalized Procrustes Analysis (GPA; Supplementary File 1, Supplementary
Data 1). Semilandmark analyses are a useful approach to study foraminiferal evolution, and
outlines are the best representation of their morphology (Hull and Norris, 2009; Scott et al.,
2015; Hsiang et al., 2016; Shi and Macleod, 2016). However, previous analyses have applied
traditional morphometric approaches (e.g., linear measurements, counts of test chambers) and
Geometric Morphometric techniques (e.g., Fourier and Eigenshape analyses) (Arnold, 1983;
Belyea and Thunell, 1984; Healy-Williams, 1983; 1984; Wei, 1987; Malmgren et al., 1996).
Procrustes Superposition and Principal Component Analysis (PCA) were run in the R
package geomorph (Adams and Otarola-Castillo, 2013) and visualized through a scatter plot
and density distributions (Supplementary Data 2, 3). Temporal variation along Principal
Components (PCs) 1 and 2 data were analysed using likelihood-based time-series analyses
implemented in the paleoTS package (the “fitdmodels’ function) to test between various
models of evolution (Supplementary Tables 1-3) (Hunt, 2015). Only PCs 1 and 2 (69.9% of

the total variance) were interpreted. Variance was not pooled for this analysis. Morphological



variation (i.e., disparity) across our interval was calculated as the Procrustes variance of the
GPA-aligned data (Supplementary Data 4). As a result, it is a measure of total disparity and is
not limited to specific axes of variation. Disparity was calculated through geomorph.
Bimodality was assessed through Hartigan's Dip test for unimodality and analysed for all
time bins for PCs 1 and 2 using the diptest package in R (Supplementary Data 5) (Maechler,

2016).
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