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ABSTRACT

Aim Cenozoic dynamics of large-scale species diversity patterns remain poorly

understood, especially for the Western Pacific, in part, because of the paucity

of well-dated fossil records from the tropics. This article aims to reveal the spa-

tiotemporal dynamics of species diversity in the Western Pacific through the

Cenozoic, focusing on the tropical Indo-Australian Archipelago (IAA) biodiver-

sity hotspot.

Location Tropical and north-western Pacific Ocean.

Methods We analysed well-preserved fossil ostracodes from the tropical Wes-

tern Pacific and combined their diversity data with other published data from

the region to reconstruct Cenozoic dynamics of species diversity in the tropical

and north-western Pacific Ocean. We fitted generalized additive models to test

for differences in richness over time and across geographical regions while

accounting for sample-size variation among samples.

Results Low-, mid- and high-latitude regions all show a similar diversity

trajectory: diversity is low in the Eocene and Oligocene, increases from the

Early Miocene to the Plio-Pleistocene but then declines to the present day.

Present-day high biodiversity in these regions was established during the Plio-

cene with a remarkable diversity increase at that time. Latitudinal diversity

patterns are relatively flat and never show a simple decline from the tropics

to higher latitudes.

Main conclusions Western Pacific Cenozoic ostracodes exhibit a spatiotem-

poral pattern of species diversity that is inconsistent with the commonly

reported and persistent pattern of declining diversity from the tropics to the

extratropics. While this inconsistency could be interpreted as evidence that

ostracodes are a contrarian clade, Atlantic ostracodes display a standard latitu-

dinal species diversity gradient. Contrasting patterns between oceans suggest an

important role for regional factors (e.g. plate tectonics and temporal geomor-

phological dynamics) in shaping the biodiversity of the Western Pacific.

Keywords

biodiversity hotspot, Cenozoic, Coral Triangle, Indo-Australian Archipelago,

latitudinal diversity gradients, Ostracoda, temporal diversity dynamics, tropical

shallow-marine biodiversity, Western Pacific

INTRODUCTION

The Indo-Australian Archipelago (IAA) biodiversity hotspot

harbours the highest marine biodiversity on earth as well

documented, for example, in corals, fishes, gastropods and

bivalves (Crame, 2000; Bellwood et al., 2005; Hoeksema,

2007; Bellwood & Meyer, 2009; Tittensor et al., 2010; Jablon-

ski et al., 2013). This tropical biodiversity hotspot constitutes

an important part of the western Pacific latitudinal species

diversity gradient (hereafter LSDG) (Okuda et al., 2004,
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2009; O’Hara et al., 2011; Hoeksema, 2015). The standard

LSDG is characterized by biodiversity that peaks in low lati-

tudes instead of the mid or high latitudes and is known as

the first-order biodiversity pattern on Earth (Krug et al.,

2009). Western Pacific biodiversity is known to be high not

only in the tropical IAA region (Renema et al., 2008; Titten-

sor et al., 2010; Jablonski et al., 2013) but also in adjacent

mid-latitude areas [such as the southern part of the Japanese

Archipelago (Fujikura et al., 2010)], e.g. in bivalves, larger

benthic foraminifera and coastal fishes (Renema et al., 2008;

Tittensor et al., 2010; Jablonski et al., 2013). Some contrar-

ian taxa (Krug et al., 2007), including marine macroalgae,

seagrasses, sharks, cephalopods and cetaceans, even show

non-standard LSDGs with a biodiversity peak at mid-lati-

tudes (Kerswell, 2006; Tittensor et al., 2010).

How and when these biodiversity patterns came to be,

however, is much less well understood. Renema et al.

(2008) investigated temporal dynamics of the IAA hotspot

throughout the Cenozoic with larger benthic foraminifera.

They revealed low IAA diversity in the Eocene (the centre

of marine biodiversity was in the West Tethyan region at

that time) and an Early Miocene [or even earlier

(McMonagle et al., 2011)] origin of the IAA biodiversity

hotspot, which was followed by further diversity increase

(Renema et al., 2008). Similar results were recently shown

in corals (Leprieur et al., 2016). Other than larger benthic

foraminifera and corals, most well-studied tropical taxa

such as coral reef-associated fishes have limited fossil data

due to low fossilization potential (Bellwood et al., 2012).

Moreover, the Cenozoic spatiotemporal dynamics of biodi-

versity in the broader north-western Pacific are incompletely

understood because the relevant studies in this region are

often based on the fossil record of organisms whose distri-

butions are mostly restricted to the tropics (e.g. larger ben-

thic foraminifera, corals, mangroves and tropical

gastropods) (Renema et al., 2008; Leprieur et al., 2016).

Molluscs are broadly distributed with respect to latitude

and have an excellent fossil record, with numerous studies

on local fossil faunas in the north-western Pacific region.

However, their diversity patterns over time have not been

synthesized for this region. More broadly, Cenozoic dynam-

ics of large-scale marine biodiversity patterns in space and

time remain poorly understood globally (Crame, 2001;

Buzas et al., 2002).

Here, we document diversity dynamics in the tropical- and

north-western Pacific region through the Cenozoic. We use

fossil benthic Ostracoda (Crustacea) as a model system

because they are abundant even from a small amount of sedi-

ment and an important component of meiobenthic commu-

nities and because precise species-level identification is

possible based on fossil specimens (i.e. hard parts) (Yasuhara

et al., 2015). Ostracodes occupy a wide range of epifaunal

and shallow infaunal benthic habitats (Yasuhara & Cronin,

2008; Yasuhara et al., 2009) in a variety of substrates (e.g.

rocks, mud, sand, algae), and they represent a variety of

trophic modes including deposit feeding, suspension feeding

and scavenging. This model system differs from other well-

studied organisms in the tropical Western Pacific region

(Hoeksema, 2007) in that ostracodes have a rich fossil record

and a reasonably robust taxonomy and are distributed not

only in the tropics but also in the extratropics. They are also

known to show a standard LSDG in the North Atlantic Ocean

(Yasuhara et al., 2009; Chiu et al., 2016). Our main aims are

to investigate when this region attained its present-day-level

biodiversity, and the degree to which biodiversity in this

region has been dynamic over the past 40 million years. We

use relatively broad spatial bins, and consequently, we focus

on the location of the peak biodiversity along latitudinal gra-

dients rather than the precise shape of the gradient.

MATERIALS AND METHODS

Sediment samples

Cenozoic IAA sediment samples were collected from Indone-

sia and the Philippines (Fig. 1, Table 1, see Appendix S1 in

Supporting Information). Specifically, Eocene and Early Mio-

cene samples are from central Java Island, Indonesia; Late

Miocene samples are from eastern Kalimantan Island,

Indonesia; and Plio-Pleistocene samples are from Leyte

Island, Philippines. Locality and age details are found in

Table 1 and Appendices S1 and S2 and the references

therein. Ages of the Leyte samples were determined based on

planktonic foraminiferal and calcareous nannofossil

biochronology (see Appendix S2). Ages of the other samples

are from published sources cited in Table 1 (Reich et al.,

2014; Johnson et al., 2015; Renema et al., 2015).

Sample processing

Samples were wet-sieved through a 63- or 125-lm mesh sieve,

dried and then dry-sieved using a 150-lm mesh sieve. Ostra-

codes were picked from > 150 lm fraction. We used

> 150 lm fraction for ostracode analysis, because this size

fraction is a standard for fossil ostracod research and allows

us to obtain adults and late moult stage juveniles for most

species (Yasuhara et al., 2009). Even small-sized genera, such

as Callistocythere, Eucytherura, Hemicytherura and Semi-

cytherura, and elongate genera, such as Pontocythere, are

included in our samples. Early moult stage juveniles (and

juveniles of small species in general) can be smaller than

150 lm, but are often not preserved because their shells are

usually thin and delicate. Even when present, however, they

are often impossible to identify and thus the effects of mesh

size on diversity estimation are likely to be negligible. Sample

residues with too many ostracode specimens were divided

using a sample splitter. All ostracodes in a sample or a split

aliquot were picked, sorted on a cardboard slide and identi-

fied to the species level (for most genera). We considered iso-

lated valves and articulated carapaces each as a single

individual in the counts, which is a standard ostracode count-

ing method (Yamaguchi et al., 2014). Another standard

Journal of Biogeography 44, 567–578
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method considers an isolated valve as one specimen and an

articulated carapace as two specimens. But the difference

between these two methods should be slight, because the

majority of our specimens were isolated valves. We did not

see a strong difference in the valve-carapace ratio among our

samples. Our Miocene samples tend to have more articulated

carapaces compared with the samples from other time

intervals, but isolated valves are still the majority in the most

of our Miocene samples.

Data and depositional environment

Modern IAA data, south-western and north-eastern Japanese

data and one Eocene IAA data point were from published

10
0˚E

12
0˚E

14
0˚E

10
0˚E

12
0˚E

14
0˚E

20
˚S

20
˚N

  0
˚N

40
˚N

60
˚N

10
0˚E

12
0˚E

14
0˚E

20
˚S

20
˚N

  0
˚N

40
˚N

60
˚N

Middle Miocene Early Miocene Eo–Oligocene

Pleistocene Pliocene Late Miocene

20
˚S

20
˚N

  0
˚N

40
˚N

60
˚N

10
0˚E

12
0˚E

14
0˚E

16
0˚E

Modern

Figure 1 Locality maps of ostracod samples. Red circle: Indo-Australian Archipelago (IAA). Green square: south-western Japan (SWJP).
Blue rhombus: northeastern Japan (NEJP). [Colour figure can be viewed at wileyonlinelibrary.com]

Table 1 List of samples used for this study to produce our original ostracode data. N: number of ostracode specimens. S: number of

ostracode species. E, Early; L, Late; PP, Plio-Pleistocene. Geological ages determined in this paper are explained in Appendix S2.

Sample Period Age (Ma) Area Latitude (°) Longitude (°) N S References

06BA18C E Miocene c. 18.9 Java, Indonesia 7.7608 S 110.1283 E 443 27 Reich et al. (2014)

06BA18A E Miocene c. 18.9 Java, Indonesia 7.7608 S 110.1283 E 441 26 Reich et al. (2014)

06BA18B E Miocene c. 18.9 Java, Indonesia 7.7608 S 110.1283 E 445 23 Reich et al. (2014)

06BA18D E Miocene c. 18.9 Java, Indonesia 7.7608 S 110.1283 E 442 27 Reich et al. (2014)

06BA18 E Miocene c. 18.9 Java, Indonesia 7.7608 S 110.1283 E 410 30 Reich et al. (2014)

TF110-SR42 [90 cm] L Miocene 9.8–9.4 Kalimantan, Indonesia 0.1405 N 117.4269 E 269 21 Renema et al. (2015)

TF168-WR L Miocene 8–5 Kalimantan, Indonesia 0.85696 N 117.7442 E 408 16 Renema et al. (2015)

TF110-WR18 L Miocene 9.8–9.4 Kalimantan, Indonesia 0.1405 N 117.4269 E 271 17 Renema et al. (2015)

TF517-FW03 L Miocene 9.3–8.9 Kalimantan, Indonesia 0.5678 N 117.6342 E 364 29 Renema et al. (2015)

TF534-NS2 L Miocene 9.3–8.9 Kalimantan, Indonesia 0.5488 N 117.6198 E 445 24 Renema et al. (2015)

06KW4B Eocene 40–38 Java, Indonesia 7.9 S 110.1 E 416 14 Johnson et al. (2015)

06KW06 Eocene 40–38 Java, Indonesia 7.9 S 110.1 E 452 8 Johnson et al. (2015)

06KW05 Eocene 40–38 Java, Indonesia 7.9 S 110.1 E 371 15 Johnson et al. (2015)

Tinago A E Pliocene 3.92–3.70 Leyte, Philippines 11.44273 N 124.30721 E 478 69 This paper

Tinago B E Pliocene 3.92–3.70 Leyte, Philippines 11.44277 N 124.30708 E 316 52 This paper

Tinago C PP 3.33–1.392 Leyte, Philippines 11.44273 N 124.30703 E 253 57 This paper

Tinago D Pleistocene < 0.987 Leyte, Philippines 11.44307 N 124.30637 E 202 35 This paper

Tinago F Pleistocene < 0.987 Leyte, Philippines 11.44163 N 124.30570 E 258 60 This paper

S-120 L Pliocene 3.33–3.18 Leyte, Philippines 11.30257 N 124.35643 E 288 72 This paper
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sources (Fig. 1; Appendix 1; see Table S1 in Appendix). We

selected sites with an ostracode fauna that indicates a conti-

nental-shelf environment. For modern samples, we simply

selected continental-shelf sites with < 200-m water depth.

Subtle differences in habitats may add some noise to our

results, but species diversity shows only a modest quadratic

relationship with water depth in our modern continental-shelf

data (R2 = 0.067, P = 0.0014; see Fig. S1 in Appendix S1).

Fossil ostracode faunas of our IAA samples consistently indi-

cate a continental-shelf environment because many of the

ostracode species recovered have distinct eye tubercles, which

are absent in taxa limited to deeper habitats. There are no

indications of brackish water environment (i.e. known brack-

ish water ostracode taxa are not included in our IAA sam-

ples), where species diversity is usually lower compared with

fully marine conditions. Thus, all of the original and pub-

lished data are from similar, continental-shelf environments.

Original and published data used for this study are generally

from similar, fine and muddy sediments. Our IAA samples

are generally calcareous sandy mud or muddy sand, and the

south-western and north-eastern Japan fossil ostracode data

are mainly from silt or silty sand samples. Thus, the recon-

structed diversity history in this study represents that of subti-

dal, continental-shelf communities from soft sediments.

Definition of operational regions

We follow Renema et al. (2008) and Hoeksema (2007) in con-

sidering the IAA as the tropical and north-western Pacific

region as far north as c. 20° N, which is consistent with the

biogeographical province division of north-western Pacific

shallow-marine ostracodes considering their Cenozoic fossil

record (Whatley, 1987; Titterton & Whatley, 1988). Note that

the Ogasawara (Bonin) Islands were located in the IAA region

during the Eocene (Yamaguchi & Kamiya, 2009) (red dot in

the Eocene–Oligocene panel of Fig. 1). The south-western

Japan (SWJP) region and the northeastern Japan (NEJP)

region are divided at 36° N, because this latitude is a well-

known marine biogeographical boundary (Nishimura, 1981;

Ogasawara, 1994) resulting from the position of the polar

front and the boundary between the warm Kuroshio current

and the cold Oyashio current (Gallagher et al., 2009, 2015).

The Kuroshio current may have existed for at least the last 16

million years (Ogasawara, 2002). In sum, the IAA, SWJP and

NEJP are defined as operational latitudinal bins of low

(< c. 20° N), mid (c. 20–36° N) and high latitudes (> 36° N),

respectively, mainly based on modern biogeographical and

oceanographic information. The boundaries of these bins are

not necessarily always consistent with biogeographical bound-

aries throughout the Cenozoic, because biogeographical

boundaries may have shifted during the Cenozoic.

Data analysis

Species diversity was measured as the number of species per

sample (i.e. species richness) focusing on samples with > 200

ostracode specimens. Some Eocene and Oligocene datasets

were included with lower sample sizes (see Table S1 in

Appendix S1), but the lower diversity of these intervals (see

Fig. S2 in Appendix S1) makes this less problematic, and is

accounted for by the general additive models (GAMs) (see

below). Each data point is from a single sample, except for

several Eocene and Oligocene cases (see Table S1 in

Appendix S1) in which we lumped several nearby (within a

few kilometres) samples from a single study to increase sam-

ple size (see Table S1 in Appendix S1). Despite this lumping,

species diversity remains very low in those samples. We used

general additive models (GAMs) to model species richness as

a linear model of the time periods, the regions and a

smoothed function of sample size. The time periods and

regions are included in the model in order to assess spatial

and temporal variation in diversity. Sample size is used to

account for differences in abundance across samples that

may influence observed richness. Ideally, a subsampling

approach such as rarefaction would be used to account for

variation in abundance among samples, but the raw count

data needed for this were not generally available for the com-

piled published data. Using GAMs instead assumes that sam-

pling results in a smooth function between abundance and

observed richness, and that the shape of this relationship

does not change over time. One benefit of GAMs is that the

user does not need to specify a function to describe the rela-

tionship between sample size and richness; the curve is

instead estimated empirically using splines or similar func-

tions (see Fig. S2).

Richness and sample size were log10-transformed prior to

analysis. Analyses were completed using the gam function

from the R library ‘mgcv’ (Wood, 2011), using restricted

maximum-likelihood inference and the gam function’s

defaults for determining the degree of smoothing. Only sam-

ple size was smoothed; time periods (seven intervals: Eocene-

Oligocene, Early Miocene, Middle Miocene, Late Miocene,

Pliocene, Pleistocene and Modern) and regions (three

regions: IAA, SWJP and NEJP) were treated as normal linear

effects. The results presented focus on the model richness ~
period * region + s(n), where the last term is a smooth func-

tion of sample size. This model with interactions between

period and region fits the data better than an additive model

(F = 6.219, P = 5.94 9 10�8), and it allows the diversity gra-

dient to differ in different time intervals. We plotted model-

predicted richness for all combinations of time period and

region, projecting all to a standard sample size (n = 200); i.e.

the richness that the GAM model predicts if 200 individuals

were sampled. We used confidence limits on the predictions

to guide which spatial and temporal differences were consid-

ered to be statistically significant (Table 2).

We have species abundance tables from three studies (Iri-

zuki et al., 2007; Ishida et al., 2012; and the present study)

that allow us to compare results from rarefaction to the

GAM approach for a relatively small subset of the data

(n = 68) from the Plio-Pleistocene and Early Miocene. Com-

paring richness rarefied to n = 200 to richness predicted by
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the GAM model projected to n = 200 shows that the two

approaches yield similar sample-size corrected richnesses,

and nearly the same inferred difference in richness between

the Early Miocene and Plio-Pleistocene samples (see Fig. S3

in Appendix S1). In general, the sample-size corrections

should only have moderate effects on the present analysis

because richness-abundance plots (see Fig. S2 in

Appendix S1) show only modest increases in richness with

abundance over the range of abundances in the present

study, mostly because sample sizes are uniformly quite high

(95% of samples have n > 200).

Datasets and R codes used for this article are deposited at

Dryad (http://dx.doi.org/10.5061/dryad.9rb13).

RESULTS

We discovered well-preserved fossil shallow-marine ostracode

assemblages from Indonesia and the Philippines ranging in

age from the Eocene to the Plio-Pleistocene. These samples

represent the first well-dated comprehensive Cenozoic ostra-

code census data from the IAA region. These new Cenozoic

IAA data, in conjunction with the published modern and

fossil ostracode data from the north-western Pacific, allow us

to infer the major features of the history of IAA and north-

western Pacific biodiversity (Figs 1 & 2; see Appendix S3 for

detailed preservational, taphonomic and taxonomic consider-

ations). Analysing the raw richnesses gives results very simi-

lar to the output of the GAM models (see Fig. S4 in

Appendix S1); the small differences in richness that are attri-

butable to sampling differences are swamped by the much

larger temporal and spatial differences. In addition, diversity

plots with raw age and latitude (instead of time and regional

bins) (see Figs S5 and S6 in Appendix S1) show consistent

trends with our results shown in Fig. 2, supporting our bin-

based approach.

Tropical Western Pacific diversity was very low in the

Eocene-Oligocene and roughly doubled into the Early Mio-

cene (Fig. 2). Species diversity is then relatively unchanged

until the Pliocene, which has a value that is nearly double

again compared to the Miocene average. The post-Palaeo-

gene IAA diversification shown here may be related to the

establishment of the Western Pacific LSDG, because LSDG

dynamics are considered to be different between the green-

house Palaeogene and icehouse Neogene (Jablonski et al.,

2013; Mannion et al., 2014). Pleistocene diversities closely

match those in the Pliocene and are followed by a modest

but consistent decrease in diversity to the present day

(Fig. 2).

DISCUSSION

Qualitatively similar diversity trends are found in all three

regions of IAA, SWJP and NEJP. Diversities are often sur-

prisingly similar among the three spatial bins, suggesting rel-

atively flat latitudinal diversity gradients for ostracodes of

this region. There are, however, some differences in the rela-

tive diversity of regions across time bins that add complexity

to the history of this latitudinal diversity gradient (Fig. 2).

During the Early Miocene, species diversity was significantly

enhanced both in the tropical IAA and mid-latitude south-

western Japan (Fig. 2, Table 2), possibly related to the colli-

sion of Australia with Pacific arcs and the Southeast Asian

margin at c. 23–25 million years ago (Kuhnt et al., 2004;

Renema et al., 2008; Hall, 2011). These enhanced low- and

mid-latitude diversities probably reflect an Early Miocene

origin of the IAA biodiversity hotspot [note that we define

the term biodiversity hotspot as geographical area of maxi-

mal biodiversity by following Renema et al. (2008)] and a

northern expansion of the tropical high diversity zone into

mid-latitudes as seen in the present-day Western Pacific for

several taxa (Renema et al., 2008; Tittensor et al., 2010;

Jablonski et al., 2013). Oligocene data are scarce, however,

and we cannot rule out a somewhat earlier diversity increase,

for example, after a major climatic shift at the Eocene-Oligo-

cene boundary (Zachos et al., 2001; Lyle et al., 2008; Liu

et al., 2009), which is known to be a major extinction event

(Cotton & Pearson, 2011). High-latitude diversity was

already high in the Middle Miocene (Fig. 2), probably

related to the formation of the Japanese Archipelago

(Ogasawara, 1994); by c. 16 Ma present-day Japan was com-

posed of numerous small and large islands (Ogasawara,

1994) formed as the result of enhanced tectonic activity dur-

ing the Middle Miocene (Maruyama et al., 1997). In the

Middle and Late Miocene, we observed that high-latitude

Table 2 Predicted species richness at n = 200 individuals from

GAMs (generalized additive models) and their 95% confidence
intervals (CIs) for all combinations of time period and region.

Pairwise differences are significant if CIs do not overlap. Species
richness is shown on a log10 scale. ND, no data. SE, standard

error. See Fig. 2 for abbreviations of time periods and regions.

Time period Region Richness SE Lower CI Upper CI

Eo-Olig IAA 0.96 0.06 0.84 1.09

EMio IAA 1.25 0.06 1.14 1.36

MMio IAA ND 0.11 ND ND

LMio IAA 1.19 0.06 1.08 1.30

Plio IAA 1.67 0.07 1.54 1.81

Pleist IAA 1.62 0.08 1.46 1.79

Md IAA 1.44 0.02 1.40 1.48

Eo-Olig NEJP ND 0.10 ND ND

EMio NEJP ND 0.13 ND ND

MMio NEJP 1.44 0.03 1.37 1.50

LMio NEJP 1.45 0.03 1.39 1.51

Plio NEJP 1.68 0.03 1.63 1.73

Pleist NEJP 1.66 0.02 1.62 1.70

Md NEJP 1.46 0.02 1.42 1.50

Eo-Olig SWJP 0.94 0.04 0.86 1.02

EMio SWJP 1.27 0.04 1.19 1.35

MMio SWJP 1.19 0.08 1.03 1.36

LMio SWJP 1.36 0.05 1.25 1.47

Plio SWJP 1.52 0.04 1.44 1.61

Pleist SWJP 1.56 0.02 1.51 1.60

Md SWJP 1.54 0.02 1.51 1.57
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diversity was generally greater than that from lower-latitude

regions, suggesting a shallow but inverse LSDG (Fig. 2,

Table 2). This high diversity in the mid–high latitudes could

be related to the above-mentioned mid-Miocene formation

of the ‘Palaeo Japanese Archipelago’ composed of even more

numerous islands and complex coastlines compared to the

present Japanese Archipelago.

One of the most remarkable features revealed here is the

high species richness of Plio-Pleistocene assemblages in all

regions (Fig. 2). To the extent that the relevant diversity

increase took place in the Pliocene rather than Late Miocene,

this pattern could be explained by a species pump model

(Bellwood et al., 2012). Enforced repeated upslope and

downslope migrations tracking Plio-Pleistocene glacioeustatic

sea-level changes to keep depth-related niche parameters (be-

cause of strong depth-preference conservatism of genera:

Scarponi & Kowalewski, 2004; Holland & Zaffos, 2011) may

have allowed for the diversification of species of deep-sea

genera onto shelves. For example, during the time of sea-

level fall when the uppermost bathyal zone was changed to

lower shelf zone, some species of deep-sea genera may not

have migrated downslope to keep their depth-related niche

and instead may have stayed (or been left), adapted and

diversified in the wide deeper shelf zone at that time

(Holland & Christie, 2013). More generally speaking, some

species might have been left or deviated from the enforced

repeated migrations and have succeeded in obtaining a new

niche often with speciation. Indeed, the Plio-Pleistocene IAA

assemblages are characterized by diverse species of Cytherop-

teron, a typical deep-water genus known both from the con-

tinental shelf and the deep sea. Another possibility could be

that habitat fragmentation and re-connection due to glacial-

interglacial sea-level changes in archipelagos may have

enhanced diversity increase through ‘dynamic mosaic effects’

(Bellwood et al., 2012). In northeastern Japan, the formation

of an enclosed Sea of Japan may also be a contributor to

high Pliocene diversity, as the diverse Omma�Manganji

fauna developed there (Cronin & Ikeya, 1987; Kamiya et al.,

2006; Amano, 2007). Interglacial expansion of warm-water

(i.e. southern-origin) species northward into the Sea of Japan

and subsequent glacial isolation of the Sea of Japan may have

fostered speciation and resulting diversity increase (Kamiya

et al., 2006). If this Pliocene establishment of the modern-

level high species diversity, especially in the tropical IAA, is

true not only for ostracode but also for other taxonomic

groups, it may suggest that the history of present-day

like IAA biodiversity hotspot is unexpectedly young, i.e.

c. 3–5 million years.

The diversity decline from the Pleistocene to the present

day was stronger in the IAA and northeastern Japan than in

southwestern Japan, effectively inverting the latitudinal diver-

sity pattern from the Plio-Pleistocene (Fig. 2). This results in
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a significant but weak diversity peak in mid-latitudes, as is

known in some other taxa (Kerswell, 2006; Tittensor et al.,

2010; Powell et al., 2012; Chaudhary et al., 2016) (Fig. 2,

Table 2). This IAA diversity decline may be due to repeated

glacial exposure of the Sunda Shelf during periods of large

amplitude glacioeustatic sea-level changes in the late Pleis-

tocene (Hanebuth et al., 2011). Large glacioeustatic sea-level

changes during the late Pleistocene may have affected diversity

negatively, in contrast to the earlier Plio-Pleistocene periods

with lower amplitude sea-level changes that may have affected

diversity positively, as discussed above. The repeated glacial

exposures may have triggered regional extinctions and pre-

vented re-colonization of deeper, lower shelf habitats. Indeed,

the ostracode genus Krithe, which is a typical deep-sea genus

but also lives at shelf depth [> 45 m water depth in the north-

western Pacific (Zhou & Ikeya, 1992; Whatley & Zhao, 1993;

Zhao & Whatley, 1997)], is completely absent even in the dee-

per parts of the Sunda Shelf (e.g. Mostafawi, 1992).

Unlike ostracodes, larger benthic foraminifera do not show

a decline in diversity from the Plio-Pleistocene to the present

day (Renema, 2007). The effects of sea-level oscillations may

be more severe for direct-developing ostracodes than for

foraminiferans, which have a planktonic larval stage and dis-

perse well. In addition, larger benthic foraminifera are more

closely associated with coral reefs than are ostracodes, and

the depth distributions of these taxa may differ. Other possi-

bilities include the discrepancy between taxonomic scales

[foraminiferal data are genus level (Renema et al., 2008) but

the ostracode data are for species] and shifts in spatial cover-

age between the Plio-Pleistocene and the modern (Fig. 1)

(but see Fig. S7 in Appendix S1 suggesting relatively little

spatial structuring to richness within the IAA region). For

northeastern Japan, a possible explanation of the depressed

modern diversity may be cooling associated with the intensi-

fication of late Quaternary glacials in high latitudes (Zachos

et al., 2001; Raymo et al., 2004). Finally, lowered modern

diversity in general may reflect an overprint of recent

human-induced ecological degradation (Jackson et al., 2001;

Pandolfi et al., 2003) related to coastal eutrophication and

hypoxic dead zones (Kidwell, 2007; Diaz & Rosenberg, 2008;

Yasuhara et al., 2012, 2015).

We find that the Western Pacific Cenozoic biodiversity was

dynamic in time and space. In the Western Pacific, all regions

show increasing diversity over time and remarkable Pliocene

diversity enhancement. The Pliocene diversification is also

known in the eastern coast of the North American continent.

But there it is found only in the tropics (in corals and mol-

luscs) (Budd, 2000; Jackson & Johnson, 2000; Johnson et al.,

2008) and is not significant in the temperate region (in ben-

thic foraminifera) (Buzas et al., 2002). In the Western Pacific,

diversity was never highest in the tropics and at times, higher

latitude faunas were significantly more diverse than tropical

faunas. In these respects, the Western Pacific seems to differ

from the Western Atlantic, which shows a standard

LSDG pattern throughout the Cenozoic, at least for benthic

foraminifera (Buzas et al., 2002). In addition, modern

shallow-marine ostracodes show a species diversity decline

from the tropics to higher latitudes on the eastern coast of

the North American continent (Chiu et al., 2016) and mod-

ern North Atlantic deep-sea ostracodes also show a standard

LSDG (Yasuhara et al., 2009). These differences suggest the

importance of regional factors and may be explained by the

complicated coastline and archipelago nature of the broad

tropical and north-western Pacific which may allow for tec-

tonic, eustatic, oceanographic, and geomorphological pro-

cesses and events (Bellwood et al., 2012; Leprieur et al., 2016)

to foster highly diverse systems, even outside of the tropics.

Indeed, the Indo-Pacific (= East Indian) region is considered

as ‘a locus from which ostracodes have migrated out since the

Miocene’ (Whatley, 1987; Titterton & Whatley, 1988).

Another possibility is that the Japanese Archipelago may have

been an independent biodiversity hotspot (Fujikura et al.,

2010) (in addition to the IAA hotspot) as seen at the present

day for some taxa (Kerswell, 2006; Tittensor et al., 2010),

although we do not have sufficient spatial coverage and reso-

lution to evaluate this hypothesis.

Ostracodes do not show a strong IAA hotspot, in contrast

to many, but not all, groups (Hoeksema, 2007; Tittensor

et al., 2010). Some widespread taxa such as marine macroal-

gae, seagrasses and cephalopods do not show particularly

high IAA diversity (Kerswell, 2006; Tittensor et al., 2010),

which calls for further research on taxa not closely associated

with coral reefs or other specifically tropical habitats. Indeed,

many of the groups showing a strong IAA hotspot are mostly

restricted to the tropics (coral, mangrove, larger benthic for-

aminifera) or are associated with coral reefs (reef fishes and

tropical families of gastropods) (Hoeksema, 2007; Tittensor

et al., 2010), but a few widespread taxa including coastal

fishes and bivalves do show a strong IAA diversity peak (Tit-

tensor et al., 2010; Jablonski et al., 2013). Furthering this line

of research will help to understand whether coral reef habi-

tats are primary drivers of tropical diversification, which is

still the subject of debate (Kiessling et al., 2010; Jablonski

et al., 2013).
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