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Abstract Studies on ancient coral communities living in

marginal conditions, including low light, high turbidity,

extreme temperatures, or high nutrients, are important to

understand the current structure of reefs and how they could

potentially respond to global changes. The main goal of this

study was to document the rich and well-preserved fossil

coral fauna preserved in Miocene exposures of the Kutai

Basin in East Kalimantan, Indonesia. Our collections include

almost forty thousand specimens collected from 47 outcrops.

Seventy-nine genera and 234 species have been identified.

Three different coral assemblages were found corresponding

to small patch reefs that developed under the influence of

high siliciclastic inputs from the Mahakam Delta. Coral

assemblages vary in richness, structure, and composition.

Platy coral assemblages were common until the Serravallian

(Middle Miocene), while branching coral assemblages

became dominant in the Tortonian (Late Miocene). By the

late Tortonianmassive coral assemblages dominated, similar

to modern-style coral framework. Our results suggest that

challenging habitats, such as the Miocene turbid habitats of

East Kalimantan,might have played an important role during

the early diversification of the Coral Triangle by hosting a

pool of resilient species more likely to survive the environ-

mental changes that have affected this region since the

Cenozoic. Further research that integrates fossil and recent

turbid habitats may provide a glimpse into the dynamics and

future of coral reefs as ‘‘typical’’ clear-water reefs continue

to decline in most regions.

Keywords Mesophotic � Species turnover �
Paleoenvironments � Diversity

Introduction

The exceptional biological diversity of the Indo-Australian

Archipelago has captivated the interest of scientists for

over a century (Wallace 1863). Marine diversity is mainly

associated with coral reefs; hence, the region has been

called the ‘‘Coral Triangle’’ (Hoeksema 2007). Despite the

increasing documentation of species distributions (Bell-

wood et al. 2005; Carpenter et al. 2011), the mechanisms

responsible for the origins and maintenance of the Coral

Triangle biodiversity hotspot remain poorly understood

(Halas and Winterbottom 2009; Bellwood et al. 2012).

The fossil record contains the only direct evidence of

past biotic and environmental change, but to date most

work on the fossil record of corals in the Coral Triangle has

been based on taxonomic lists from relatively small col-

lections (Wilson and Rosen 1998; Bromfield and Pandolfi

2012; Johnson et al. 2015b). These studies have revealed

that regional richness has been high since at least the Late

Oligocene, but in the absence of ecological information

including species abundance, community assembly, and

environmental context we cannot understand how coral

ecosystems functioned in the past and which processes

were responsible for diversification.
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In this study, we focus on the Miocene coral fauna of

East Kalimantan using large new collections of well-pre-

served fossils. We benefit from a well-documented geo-

logical framework (Wilson 2005) and the results of a

multidisciplinary effort to study the sedimentology,

stratigraphy, paleoceanography, and other components of

the biota such as foraminifera, coralline algae, mollusks

and bryozoans in the same outcrops (Johnson et al. 2015a).

We use these new data on diversity and habitats to

reconstruct the Miocene history of the Coral Triangle. In

particular, we document the changing distribution of

diversity among habitats and compare ancient assemblages

with present-day communities in similar habitats to better

understand how the early history of the hotspot shaped the

modern diversity of the Coral Triangle.

Geological setting

The studied exposures occur in the northeastern part of the

Kutai Basin in East Kalimantan, Indonesia (Fig. 1). The

basin formed during the Middle Eocene via extensional

tectonics that also resulted in the opening of the Makassar

Straits and is characterized by intervals of subsidence,

faulting, and uplift during the Late Eocene to Oligocene

(Moss and Chambers 1999). Basin inversion during the late

Early Miocene and progressive uplift of central Borneo

during the Middle Miocene resulted in the deposition of

thick clastic sedimentary units in rapidly prograding deltas

(Wilson and Moss 1999; Marshall et al. 2015) including the

delta of the ancestral Mahakam River. The modern delta is

tidal-dominated due to its location on a coast characterized

by relatively low wave energy. The regional oceanography

is influenced by the southward-flowing Indonesian

Throughflow Current that results in less turbid waters to the

north favoring the recent concentration of carbonates

around this area (Allen and Chambers 1998).

The sampled coral assemblages occur in small outcrops

of mixed siliciclastic-carbonate facies that include series of

clay shales, carbonaceous shales and siltstones to sand-

stones that have been dated using microfossils, magne-

tostratigraphy, and strontium isotope stratigraphy (Wilson

2005, 2012; Johnson et al. 2015a). Ages of the sampled

units range from 5 to 20 Ma (Table 1; Electronic Supple-

mentary Material, ESM, Fig. S1).

Materials and methods

Coral occurrences

Coral fossils were collected from 47 outcrops (Table 1)

during two field campaigns (Johnson et al. 2015a). Sam-

pling included removal of bulk sediment samples of 5–7 kg

that were systematically collected within each unit con-

taining coral fossils in each outcrop. Additional coral

specimens were collected from the outcrop’s surface dur-

ing intervals of approximately 15 min within an area of

approximately 1 m2. In the laboratory, samples were

soaked in water, washed, and wet sieved through a series of

screens (5, 2 mm, 500 and 125 lm). Corals were picked

from the larger than 2-mm sediment fractions. Finer frac-

tions of 500 and 125 lm were partially used to comple-

ment sedimentary characterizations. All material included

in this study is deposited in the collections of the Natural

History Museum London (NHMUK).

Coral specimens were identified to the lowest taxonomic

grade possible, according to their preservation and the

taxonomic framework available for each group (see ESM,

Taxonomic identifications). Because of the large number of

specimens and ongoing rapid change in coral taxonomy

(Budd et al. 2010), names for most morphotaxa were

applied at a generic level with species left in open

nomenclature pending detailed taxonomic study. An
Fig. 1 Study area and location of the outcrops of the Throughflow

Project (TF). Coordinates in Table 1
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occurrence is defined as the record of a taxon from a par-

ticular sample. Abundances of corals per sample were

obtained both as the number of fragments and weight given

by dry weight in grams. Coral growth forms include four

principal categories: massive (massive and columnar),

branching (ramose and phaceloid), solitary (free-living and

flabello-meandroid), and platy (thin platy and tabular).

Diversity patterns

The raw coral occurrence dataset was first filtered to merge

samples gathered from the same outcrop during different

collection events. The full database includes 2595 occur-

rences from 279 samples in 47 outcrops (Table 1). Dif-

ferent subsets of the full data were prepared for the

turnover and ordination analyses (ESM, Taxonomic iden-

tifications). For the turnover analyses, we discarded taxa

with poor taxonomic resolution and outcrops outside the

Miocene of East Kalimantan. This resulted in a dataset

with 1940 occurrences from 46 outcrops. For the ordination

analyses, data from outcrops from the same geographic

sector within the same time interval were combined into

faunules. This resulted in a dataset of 23 faunules and 1957

occurrences.

Statistical analyses were performed with the R statistical

software environment (R-Core Team 2014). Ordinations

were based on non-metric multidimensional scaling anal-

ysis (NMDS), using the meta-MDS function in the vegan

package (Oksanen et al. 2013) that searches for a

stable solution using several random starts and standardizes

the resulting scaling. Bray–Curtis dissimilarities were used

and analyses were tried for untransformed data and data

transformed using the Wisconsin double standardization.

Tests of groups were performed using the adonis function

from the vegan package for the analysis and partitioning

sums of squares using semi-metric and metric distance

matrices. Insofar as this approach partitions sums of

squares of a multivariate data set, it is directly analogous to

the multivariate analysis of variance (MANOVA) and

considered as a robust ‘‘permutational MANOVA’’

(McArdle and Anderson 2001) analogous to redundancy

analysis. Ordinations are shown in two dimensions and

were based on presence/absence data and untransformed

fragments and weights. Outcrop TF275 was not included in

the permutation multivariate analysis tests, as it could not

be unambiguously assigned to groups observed in the

ordination. However, including this outcrop within an

additional group did not have a significant impact on the

results of the analysis. Cumulative diversity curves were

plotted for outcrops included in the ordination to assess

sampling completeness for each faunule (ESM Fig. S2).

Taxonomic turnover was studied following methods in

Johnson and McCormick (1999). For estimates of the range

of genera beyond the temporal scope of the studied mate-

rial, pre-Miocene occurrences of genera were compiled

from the taxonomic list of McMonagle (2012) and records

from the Paleobiology database (http://fossilworks.org).

Recent occurrences of genera were taken from the World

Registry of Marine Species (WoRMS, Hoeksema and

Cairns 2014). Turnover analysis at species level is limited

to the Miocene coral assemblages of East Kalimantan.

Rates of taxonomic turnover were estimated by counting

taxa richness and the number of first and last occurrences

of taxa within each stage of the Miocene. A taxon was

recorded as present within a stage if the median age of the

sample in which the taxon occurred fell within that stage.

Range-through taxa were also counted to assess sample

completeness among bins and are defined as taxa that were

not recorded in samples within a bin but occurred in both

older and younger bins.

Results

Coral assemblages

The Miocene fossil coral assemblages have 234 species

from 79 genera, including 213 species from 67 genera of

zooxanthellate scleractinians. A few azooxanthellate scle-

ractinian corals were recovered, including the genera

Caryophyllia, and Flabellum. Hydrozoans include three

species of Millepora and one species of Distichopora.

Octocorals were represented by Heliopora sp., Isis sp. and

some unidentified octocoral sclerites. Overall, the most

abundant genus is Porites, both in terms of number of

fragments and weight, with branching Porites sp. 2 as the

most abundant species in number of fragments. Platy

Porites sp. 1 and massive Porites sp. 3 are within the top

species with highest weight. Other abundant genera in

number of fragments were branching Seriatopora, Dict-

yaraea, Acropora and Stylophora. In terms of weight, platy

or massive forms of the genera Dipsastraea, Cyphastrea,

and Progyrosmilia are among the most abundant genera.

Ordination analyses clearly differentiate three assem-

blages of fossil corals (Fig. 2). Differences among the three

assemblages were consistently significant regardless of

whether occurrence, number of fragments or weight were

used in the analyses. Coral fauna from outcrop TF275 is a

mixed community from shallow and deep waters that did

not group within any of the three assemblages. The com-

plete list of species found in each assemblage is shown in

ESM Table S1, together with the top quartile of genera and

species per assemblage (ESM Tables S2–S7). The first

assemblage was characterized by platy corals (Figs. 3, 4)

and contained the highest coral richness with 145 species,
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from which 56% are known exclusively from this assem-

blage, for example Cyphastrea sp. B (Fig. 4d), ‘Echino-

pora’ pelarangensis (Fig. 4h), and Cyphastrea sp. C

(Fig. 4i). Platy corals were dominant in outcrops TF51,

TF52, TF57, and TF76 in Samarinda, TF53 and TF56 in

Badak, TF59, TF126, and TF153 in Bontang, and TF522 in

Bengalon. The most common genera in the platy coral

assemblage were Porites, Leptoseris, Cyphastrea, Astreo-

pora, and Pachyseris, and among the most common species

were Porites sp. 1 (Fig. 4c), Cycloseris sinensis (Fig. 4e),

Pachyseris sp. 4 (Fig. 4i) and Leptoseris cf. explanata

(Fig. 4g). The data on number of fragments (Fig. 3a) are

very variable as platy corals were more abundant in out-

crops TF51, TF52, TF53, TF57, and TF126 (Fig. 3;

50–90% of fragments), while branching corals were dom-

inant in TF56, TF76, TF153, and TF522 (60–95% of

fragments). Platy corals represented 50–90% of the total

mass in each outcrop (Fig. 3b). Important species were the

platy corals Porites sp. 1 concentrating about 25% of the

total coral weight in this assemblage, followed by Progy-

rosmilia sp. 2, Cyphastrea sp. 3, Progyrosmilia sp. 1 and

Leptoseris cf. explanata.

The second assemblage was dominated by branching

corals (Figs. 3, 5). Ninety percent of the fragments from

the Bontang outcrops TF102, TF110, TF154, TF171, and

TF508 were branches. Species richness of the branching

coral assemblage was the lowest of the three assemblages,

with 71 species, of which only 23% are known exclusively

from this assemblage, including seven species of Acropora

(ESM Table S1). The most common genera were

Platy
assemblage

Massive
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Branching
assemblage
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Fig. 2 Ordination (NMDS) of coral abundance data (weight) of the

23 faunules studied in the Miocene of East Kalimantan
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Fig. 3 Composition of the three coral assemblages of Miocene faunules studied in East Kalimantan. Abundances of colony growth forms are

indicated in terms of (a) percentage by number of fragments and (b) percentage by weight
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Seriatopora, Acropora, Dictyaraea, Porites, and Mon-

tipora, from which the most common species were the

branching Porites sp. 2 (Fig. 5b), Dictyaraea micrantha

large (Fig. 5c), D. micrantha small (Fig. 5g), and Seri-

atopora cf. irregularis (Fig. 5g). Porites sp. 2 was also the

most abundant coral in terms of number of fragments.

Fig. 4 Platy coral assemblages: a general view of outcrop TF56 in

Badak, Samarinda; b stacks of platy corals in TF56, Astreopora and

Porites; c Porites sp. 1 in TF76, Samarinda; d Cyphastrea sp. B. in

TF52, Samarinda; e mushroom coral Cycloseris sp. in TF126,

Bontang; f Stylophora sp. W, TF56, Badak; g Leptoseris cf. explanata

(Le) and Pavona cf. varians (Pv), TF59, Bontang; h large platy

‘Echinopora’ pelarangensis, TF153, Bontang; i stacks of platy corals

of Pachyseris sp. 4 (P4) and Cyphastrea sp. C (Cc) in TF153,

Bontang; j general view of outcrop TF153 in Bontang
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Scattered massive colonies of Oulophyllia sp. D (Fig. 5f),

Acanthastrea sp. A and Favites sp. B, together made up

about 30% of the coral weight in this assemblage.

The third assemblage was dominated by massive coral

species (Figs. 3, 6). This dominance is best observed in the

weight of corals in the assemblage (Fig. 3b). The massive

Fig. 5 Branching coral assemblages: a general view of outcrop

TF110 (= TF505) in Bontang and some representative species (b–f);
b, Porites sp. 2; c Dictyaraea micrantha with large corallites;

d Dictyaraea anomala; e Alveopora sp. 1 (A1) and Montipora

dubiosa (Md); f Oulophyllia sp. D; g–h some representative species in

TF154, Bontang; g Seriatopora irregularis (Si), Porites sp. 2 (P2), D.

micrantha small corallites; h Trachyphyllia sp. A (TA), M. dubiosa

(Md), S. hystrix (Sh), Acropora duncani (Ad); i A. borneoensis in

TF110, Bontang; j general view of outcrop TF154
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coral assemblage was found in outcrop TF502 in Bontang,

TF510, TF511, TF512, and TF533 in Bengalon, and TF516

and TF517 in Sangatta. Coral richness was high with 123

species, from which 46% were found exclusively in this

assemblage (ESM Table S1), for example Platygyra sp. N

(Fig. 6h) and seven species of Dipsastraea. The most

Fig. 6 Massive coral assemblages: a general view of coral frame-

work in outcrop TF511, Bengalon and some representative colonies

(b–e), mostly highly recrystallized; b large massive Porites sp. 3;

c branching Porites sp. 2; d Diploastrea sp. B; e Favites sp. B; f, g, i,

some aragonitic colonies in outcrop TF516, Sangatta; f Goniopora sp.

2 (G2) and Cyphastrea sp. D (CD); g Dipsastraea sp. A; h Platygyra

sp. N in TF517, Sangatta; j general view of outcrop TF516
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common genera were Porites, Dipsastraea, Platygyra,

Cyphastrea and Favites, and the most common species

were the branching Porites sp. 2 (Fig. 6c), Goniopora sp. 2

(Fig. 6f), Porites sp. 3 (Fig. 6b), Alveopora sp. 1, Dipsas-

traea sp. A (Fig. 6g) and Favites sp. B (Fig. 6e). As

measured by number of fragments, the most abundant

species was the branching coral Acropora hasibuani, with

1120 fragments counted from a single collapsed colony

recovered in outcrop TF517; this was followed by S. hys-

trix, Porites sp. 2, Caulastraea sp. A and S. irregularis.

However, these branching corals did not contribute much

to this assemblage in terms of weight, as they do not appear

among the 30 most abundant species by weight. Massive

Dipsastraea, Favites and Platygyra species, Porites sp. 3

and Diploastrea sp. B (Fig. 6d) are the most abundant by

this measure.

Of the 22 species from 15 genera that were found in all

three assemblages, Porites sp. 2 and Goniopora sp. 2 were

also among the abundant species in all outcrops. Branch

fragments of S. hystrix, Dictyaraea spp., and Alveopora sp.

1 were usually recovered from the smaller fractions of most

samples (2–5 mm).

Reef habitats

Combined evidence including larger benthic foraminifera,

coralline calcareous algae and sedimentology indicates that

the three coral assemblages occurred in transient reef

environments in a region dominated by clastic sedimenta-

tion (Wilson 2005; Renema et al. 2015). As part of the

dynamics of the Kutai Basin, in particular the development

of the Mahakam delta, these ephemeral reef habitats

comprise 1–3 cycles of coral development (Figs. 4, 5, 6).

Most of the habitats have been interpreted as low-relief

patch reefs or coral carpets that developed in low-light

environments, mainly controlled by siliciclastic input

(sedimentation rate, frequency and grain size) and position

on the continental platform with respect to river influence

(Wilson 2005; Novak and Renema 2015).

Platy coral assemblages were deposited as coral sheet-

stones or platestones in a range of habitats characterized as

varying from the delta front to shelf edge (Novak and

Renema 2015). Platy coral assemblages on top of car-

bonaceous shales in outcrops TF51 and TF57 near

Samarinda have been interpreted as developing in a pro-

delta setting (shallow water) under low-light conditions

within the highest range of terrigenous input that is not

lethal for coral growth (Santodomingo et al. 2015b). This

interpretation could be extended to oucrops TF53 and TF56

in Badak, as cycles of coral growth were observed both on

top and below the carbonaceous shale (Fig. 4a). Platy coral

assemblages in TF126 near Bontang developed in pro-delta

settings under low-light conditions in deeper habitats with

little differentiation in subhabitats (Novak et al. 2013).

Platy coral assemblages in the Batu Putih outcrops TF52

and TF76 of Samarinda are similar to those in TF126. The

presence of shelf slope deposits below coral units and clays

with planktonic foraminifera between the coral units indi-

cates a position close to the shelf edge. The larger benthic

foraminifera assemblages are more differentiated and

include shallower (TF130) and deeper (TF52, TF76) facies

(Novak and Renema 2015).

Branching coral assemblages are deposited as sparse or

dense pillarstones within clay-rich siliciclastic sediments,

interpreted as shallow coral carpet environments. In some

outcrops, branching coral carpets intercalate with facies

interpreted as seagrass environments with sparse branch-

ing corals (Reich et al. 2015a, b), for example in outcrop

TF110 in Bontang (Fig. 5a). By definition, coral carpets

develop as veneers along level seabeds that do not acquire

significant relief (Riegl and Piller 2002). The benthic

foraminiferal assemblage in these outcrops is character-

ized by species of the genus Cellanthus that are the most

tolerant to high terrestrial influence (Renema 2006). The

mollusk fauna is typical of seagrass beds (Reich et al.

2015a). These observations suggest that branching coral

assemblages occurred in shallow lagoonal paleoenviron-

ments with high terrestrial influence (Kusworo et al.

2015).

Massive coral assemblages occur in two habitats. First,

they appear in mixed facies with branching corals in out-

crops TF516 (Fig. 6i), TF517, and TF534 near Sangatta.

The larger benthic foraminifera assemblage in these set-

tings is typical for areas further away from deltaic settings,

with locally abundant occurrences of Operculina, as well

as Heterostegina cf. depressa, Amphistegina radiata, and

Calcarina sp. (Renema and Troelstra 2001; Renema et al.

2015). The massive coral assemblages developed in

lagoonal environments similar to those interpreted for

branching coral communities, but with lower terrigenous

input. In the second type of habitat, massive coral assem-

blages in outcrops TF510 and TF511 near Bengalon

developed in consolidated framestones in reef structures of

up to 40 m high (Fig. 6a). The outcrops TF512 and TF533

are located about 400 m west of TF510 and TF511 and

include a mixed branching and massive coral assemblage

that is interpreted as occupying back reef environment

(Renema et al. 2015). On top of coral framestones in

TF511, larger benthic foraminifera packstones to grain-

stones were deposited. These are dominated by Operculina,

with rare Palaeonummulites, and Amphisorus, typical for

midshelf conditions at[10 m depth (Renema and Troelstra

2001). Although these reef structures formed considerable

relief on the sea floor, the shallowest parts did not develop

into waters\10 m deep.
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Coral assemblages in time and space

The coral assemblages of East Kalimantan are not dis-

tributed evenly in time (p = 0.002) nor space. Platy coral

assemblages are dominant in the Burdigalian to Serraval-

lian, branching coral assemblages are dominant in the

Tortonian, and massive coral assemblages become domi-

nant in the Messinian. The coral assemblages are also

geographically unevenly distributed (p = 0.001), with

platy coral assemblages concentrated toward the south of

the study area, and branching and massive coral assem-

blages to the north. Exceptions to this general pattern are

the platy coral assemblages in outcrops around Kari Orang

(Bengalon) such as TF522, located in the northernmost part

of the study area (Fig. 1). Single units with facies of platy

corals were also observed in outcrop TF504 in Bontang and

in outcrop TF511 in Bengalon. Nevertheless, the fauna of

these latter outcrops grouped together with the branching

coral and massive coral assemblages, respectively.

Stratigraphic ranges for the 79 genera found in this study

are presented in Fig. 7 and for the 234 species in Fig. 8. We

found that there was no significant taxonomic turnover at

generic level in the Miocene of East Kalimantan (Fig. 9a, c).

From the 69 genera in the Burdigalian, only 12% had their

first occurrence in this period and none became extinct.

During the Langhian and Serravallian, only the genus cf.

Placosmiliopsis was added to the assemblages while this

genus and three others, namely Pironastrea, Actinastrea,

and Cyathoseris became globally extinct. Slightly greater

changes were observed during the Tortonian and Messinian,

with the first occurrence of four genera in the Tortonian and

five genera in the Messinian, and only two genera became

extinct, Scalariogyra and Fungophyllia (Fig. 10c). Aniso-

coenia (Fig. 10a), Progyrosmilia (Fig. 10b), Dictyaraea

(Fig. 10c) and Amphelia occurred up to the early Pliocene

*5 Ma, when they subsequently became extinct.

Faunal turnover in East Kalimantan assemblages is more

dynamic at species level (Fig. 8). About half of the identi-

fied species were already present in the Burdigalian, with

only 13% of the species first occurring in the Langhian and

20% in the Serravallian (Fig. 9b, d). Significant turnover is

associated with the Serravallian to Tortonian boundary, as

39% of the species became locally extinct in the Serravallian

and 48.5% of the species first appeared in the Tortonian.

During the Tortonian a further 36% of the species disap-

peared, whereas 22% of the species were first observed

during the Messinian. Current taxonomic resolution does
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Fig. 7 Ranges of 79 genera of corals that occurred during the

Miocene of East Kalimantan, Indonesia. Dotted lines to the left

indicate pre-Miocene occurrences, dotted lines to the right indicate

extension of ranges to the Recent, and asterisks are globally extinct

genera. Stages of the Miocene are Burdigalian (B), Langhian (L),

Serravallian (S), Tortonian (T), and Messinian (M)
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not permit rigorous comparison with the extant fauna or with

fossil assemblages from elsewhere in the region at a species

level.

Discussion

Estimating abundance in highly diverse assemblages

In this study, the high richness and composition of coral

fossils in Miocene environments of East Kalimantan were

evaluated by collecting large volumes of sediments using

ecological sampling methods, and estimating abundances

using occurrences, number of fragments and weights. All

methods revealed that corals were distributed in three

distinct assemblages, but each method showed different

aspects of the composition and structure of the assem-

blages. Occurrences indicated how frequent the taxa were

among outcrops, but the contribution of common species

with low abundances, such as S. hystrix, tended to be

overestimated. Number of fragments was also biased, as

branching corals and thin platy corals are more easily

fragmented than massive corals so that numbers of
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Fig. 8 Ranges of the 234 morphospecies identified in Miocene

outcrops of East Kalimantan. Stages of the Miocene as in Fig. 7

Fig. 9 Number of genera (a), species (b) and taxonomic turnover of genera (c) and species (d) during the Miocene in East Kalimantan. Stages of

the Miocene as in Fig. 7
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fragments were much higher in units from the branching

assemblage than in the massive assemblage. Weight of the

coral fossils was expected to offer a better estimation of

abundance, as weight encompasses the contribution of each

taxon to the total amount of carbonate produced in the

outcrop regardless of how fragmented the coral colonies

are. Indeed, the composition of the three coral assemblages

was better illustrated by the weight percentages of the

colony forms (Fig. 3b) in comparison with the percentage

of the number of fragments that showed higher abundances

of branching corals regardless of the assemblage (Fig. 3a).

Preservation could potentially bias weight estimations, as

pore space in coral skeletons is filled either with fine-

grained sediment or diagenetically produced carbonate.

However, we observed that preservation was uniform

within facies in each outcrop and it did not affect the

results of the ordination (Fig. 2), as faunules of light

aragonitic corals (TF 516-517, Fig. 6f–h) grouped together

with faunules of highly recrystallized corals (TF510–

TF511, Fig. 6b–e). In conclusion, extensive systematic

collections that include abundance data of taxa in terms of

weight should be preferred over number of fragments as

weights give a better estimation of the composition of coral

assemblages.

Coral assemblages and reef habitats

Corals in East Kalimantan during the Miocene occurred in

three different assemblages that varied in time and space.

Independent information from larger benthic foraminifera,

coralline algae and sedimentology (Novak and Renema

2015; Rösler et al. 2015) indicates that low light levels and

high siliciclastic inputs characterized the habitats in which

corals developed during their early history. Corals coped

with the regime of turbid conditions that dominated the

habitats of the Kutai Basin during the Miocene by adopting

different strategies that in turn allow further interpretations

of the environments in which they occurred. Platy coral

Fig. 10 Examples of globally extinct coral genera from the Miocene

fauna of East Kalimantan. a Anisocoenia variabilis, NHMUK PI

AZ8809 TF517, Sangatta. b Progyrosmilia sp. 1., NHMUK PI AZ

6669,TF56, Badak. c Fungophyllia aspera, NHMUK PI AZ9445,

TF153, Bontang. d Dictyaraea anomala NHMUK PI AZ 5950,

TF102, Bontang
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assemblages are common in the fossil record (Rosen et al.

2002). Flattening of the colonies has been interpreted as an

eco-physiological strategy that zooxanthellate corals adopt

to optimize the capture of light in poorly lit environments

without compromising carbonate deposition (Fricke and

Schuhmacher 1983). Reduced light levels in the Kutai

Basin have been related to siliciclastic inputs and probably

high sediment resuspension in low-energy environments

(Wilson 2005; Santodomingo et al. 2015b). The largest

platy colonies observed in these habitats covered up to

1 m2 (Fig. 4h), but only reached a few millimeters thick-

ness. Platy assemblages usually form dense accumulations

(Fig. 4b) of stacked colonies of different species (Fig. 4i),

suggesting that competition was a dominant mechanism

that favored the highest coral richness observed in these

assemblages. Branching coral assemblages may have

developed under higher turbidity and sedimentation

regimes, as fast-growing ramose forms seem to cope better

with siliciclastic inputs by minimizing the horizontal sur-

face exposed to sediment suffocation (Sanders and Baron-

Szabo 2005). Branching assemblages have about half the

number of species compared to the platy assemblage,

suggesting that fewer taxa could cope with more chal-

lenging environmental conditions in these settings. Mas-

sive coral assemblages are interpreted to have developed

under higher light levels, probably related to lower silici-

clastic inputs and higher hydrodynamic levels, allowing the

development of large framework structures. However,

massive colonies with large corallites can also be efficient

at sediment rejection (Stafford-Smith and Ormond 1992)

and are dominant in environments with episodic terrige-

nous inputs (Loya 1976). Coral richness in these assem-

blages is high due to mixing with branching assemblages

most likely due to local habitat partitioning. In a few out-

crops, the corals developed a framework similar to modern

reefs with differentiated front and back reef zones.

Did coral assemblages of the Kutai Basin respond

to regional or global drivers?

One possible explanation for the observed variation in

fossil coral assemblages is that the fauna responded to the

local evolution of the Kutai Basin. Platy coral assemblages

from the Burdigalian to Serravallian are distributed in the

south (Samarinda), middle (Bontang), and north (Benga-

lon) of the study area. These habitats are interpreted as

located in the delta front or pro-delta of rivers, suggesting

that during this time terrestrial drainage was distributed

homogeneously along the coast, resulting in the episodic

appearance of low-relief patch reefs that waxed and waned

as minimum thresholds of light and sediment input allowed

coral development. Continuous faulting during the middle

to late Miocene transition changed the drainage dynamics

(Moss and Chambers 1999) and probably had an effect on

the local distribution of habitats, promoting the appearance

of lagoonal environments to the north, where branching

and massive coral assemblages could develop. However,

more data from independent biotic and abiotic indicators

are required to test this hypothesis and better understand

the distribution of habitats throughout the Miocene in the

study area.

A second alternative is that coral assemblages responded

to global environmental changes. According to detailed

descriptions of coral carbonates in Mediterranean areas,

small patch reefs that did not build structures to sea level

but thrived in meso-oligophotic conditions were common

in the early Miocene and pre- to late Tortonian assem-

blages (Pomar and Hallock 2007). Although there are some

reports of euphotic reefs in the middle Miocene of Egypt

(Perrin 2000) and Turkey (Vescogni et al. 2014), extensive

barrier reefs that reached sea level and exhibit zonation

similar to that of modern reefs became common in the

Mediterranean during the late Tortonian to early Messinian

(Pomar et al. 2012). These authors suggest that the change

in dominance of corals in high-light environments at

shallower depths during the late Miocene was the result of

acquisition of more diverse Symbiodinium lineages (Laje-

unesse 2005). The increased ability of corals to tolerate

higher light levels was coeval to changes in the geo-

chemistry of seawater (rising of Mg:Ca ratios) that may

also have increased the potential of corals to build skele-

tons at higher calcification rates (Pomar and Hallock 2008).

Coral assemblages of East Kalimantan show a similar

temporal distribution to that of the Miocene Mediterranean

analogs: common low-relief patch reefs of platy corals

dominated the environments up to the Serravallian, coral

carpets were common pre- to late Tortonian, and the first

appearance of a large framework (TF510, TF511) dates

from the Messinian, although the latter did not grow to sea

level. Nevertheless, more data are needed from other

regions to establish the extent of this temporal change in

coral assemblages of the Indo-Pacific.

Faunal turnover and modern coral fauna

Our data show that there was no significant turnover of

coral genera in the fauna of East Kalimantan during the

Miocene (Fig. 9a, c). Faunal turnover occurred at species

level in the study area (Fig. 9b, d), but we currently lack a

consistent taxonomic framework for most groups that

would allow comparison with modern or other fossil

assemblages. The only sufficiently documented taxon so

far is the staghorn coral Acropora, which had differential

turnover among species groups. Most of the species in the

horrida, humilis and elegans groups that occurred in the

Miocene of East Kalimantan are still living on modern
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reefs, while most of the species in the florida and aspera

group became extinct and/or were replaced by new species

that occupy similar habitats (Santodomingo et al. 2015a).

We observed a change in dominance of genera of the

Miocene assemblages relative to modern reefs in the

region. Platy coral assemblages of the Burdigalian to Ser-

ravallian had abundant Progyrosmilia, Cyphastrea and

agariciids (Leptoseris and Pachyseris). Progyrosmilia

became extinct sometime in the early Pliocene, but

Cyphastrea, Leptoseris and Pachyseris are still abundant

and dominant in mesophotic environments. In contrast to

the shallow turbid habitats that Leptoseris and Pachyseris

occupied in the Miocene, on modern reefs these genera are

typical dwellers of the deeper zones of clear-water reefs

(Kahng et al. 2010; Bridge et al. 2011) or shallow low-light

environments such as caves and overhangs (Dinesen 1983).

In contrast, platy corals with low abundance in shallow

turbid reefs during Miocene, such as Turbinaria and

Montipora, became dominant on modern reefs (van Woe-

sik et al. 1999; Browne et al. 2012). Porites shows a rel-

atively stable response to regional changes as it is common

and dominant since the Miocene.

Another important change in taxa occurred in the

branching assemblage. Dictyaraea species were dominant

in Miocene assemblages but became extinct in the early

Pliocene. Acropora was diverse in the Miocene but it did

not become abundant until the Plio-Pleistocene and has

since become a dominant genus in modern reefs. Other

abundant corals during the Miocene were the pocilloporids

Seriatopora and Stylophora that continue to thrive on

modern reefs together with Pocillopora (Veron 2000), but

Pocillopora was rare in Miocene assemblages. Massive

coral assemblages appear to have similar composition since

their first occurrence in the late Miocene, as Dipsastraea

and Favites are also dominant in modern coral frameworks

(Best et al. 1984).

The murky history of the early Coral Triangle

Our results show that although patch reefs from the Kutai

Basin developed in turbid habitats, they contained high

richness of coral species and genera similar to the Recent

fauna of clear-water reefs in Indonesia (Moll 1983) and the

Great Barrier Reef (DeVantier et al. 2006).

Our results also suggest that habitats currently regarded

as suboptimal, such as the turbid Miocene habitats of East

Kalimantan, might have played an important role during

the early diversification of the Coral Triangle by hosting a

pool of species tolerant to high sediment inputs and low-

light conditions that could potentially occupy a wider

number of habitats as they became available. The potential

role of turbid environments as past cradles of diversifica-

tion and current refugia demands further study as modern

turbid settings located in the near-shore are increasingly

damaged by present-day anthropogenic stressors (Edinger

et al. 1998; Done 1999; Rogers 2013; Cleary et al. 2014).

In the search for candidate refugia habitats, investiga-

tions have been focused on resilient marginal ecosystems,

such as deep mesophotic habitats in clear waters (Bon-

gaerts et al. 2010; Smith et al. 2014). Mesophotic habitats

located in clear, deep waters could potentially escape from

current impacts such as pollution, storms and bleaching,

yet they only host about 25% of shallow-water species and

could only serve as a refugium for species with broad depth

tolerances (Bongaerts et al. 2010; Muir et al. 2015). On the

other hand, shallow turbid habitats might be more

promising candidates to replenish populations diminished

by mass mortality events in localities with low coastal

development hence limited impacts due to pollution,

destructive fisheries, tourism, etc. For example, corals

growing in turbid waters in Palau bleached less during the

2010 event than those in clearer, offshore waters, even

though they experienced the highest temperatures (van

Woesik et al. 2012). Turbidity may act as a buffer of

thermal stress for the coral-zooxanthellae symbiosis by

reducing the effect of irradiance and preventing corals from

bleaching (Iglesias-Prieto and Trench 1994). A recent

modeling exercise predicted that major coral builders of the

genus Porites, Dipsastraea, Acropora and Montipora from

near-shore turbid habitats could potentially survive ocean

warming thanks to shading by turbidity and proposed that

turbid areas could be coral refuges under the current sce-

nario of ocean warming (Cacciapaglia and van Woesik

2015). Furthermore, increasing evidence suggests that

during the Holocene well-developed reefs with high

accretion rates do exist in some shallow turbid habitats

characterized by continuous high sedimentation and ter-

rigenous inputs (Perry et al. 2009, 2012; Ryan et al. 2016).

In this context, our results provide more evidence to

support the importance of turbid habitats for the survival of

corals in the long term, as we found that during the Mio-

cene these habitats hosted a high coral diversity that could

cope with ancient environmental changes. We also suggest

that turbid habitats have played a critical role during the

origins and early history of the Coral Triangle. Further

understanding of the dynamics of fossil reefs that devel-

oped in turbid habitats may provide a glimpse into the

future of reef systems as ‘‘typical’’ clear-water reefs con-

tinue to decline in most regions.
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(eds) Biotic evolution and environmental change in Southeast

Asia. The Systematics Association Special Volume Series, 82.

Cambridge University Press, New York, USA, pp 216–245

Bellwood DR, Hughes TP, Connolly SR, Tanner J (2005) Environ-

mental and geometric constraints on Indo-Pacific coral reef

biodiversity. Ecol Lett 8:643–651

Best MB, Boekschoten GJ, Oosterbaan A (1984) Species concept and

ecomorph variation in living and fossil Scleractinia. Palaeonto-

graphica Americana 54:70–79

Bongaerts P, Ridgway T, Sampayo EM, Hoegh-Guldberg O (2010)

Assessing the ‘‘deep reef refugia’’ hypothesis: focus on

Caribbean reefs. Coral Reefs 29:309–327

Bridge TCL, Fabricius KE, Bongaerts P, Wallace CC, Muir PR, Done

TJ, Webster JM (2011) Diversity of Scleractinia and Octocoral-

lia in the mesophotic zone of the Great Barrier Reef, Australia.

Coral Reefs 31:179–189

Bromfield K, Pandolfi JM (2012) Regional patterns of evolutionary

turnover in Neogene coral reefs from the central Indo-West

Pacific Ocean. Evol Ecol 26:375–391

Browne NK, Smithers SG, Perry CT (2012) Coral reefs of the turbid

inner-shelf of the Great Barrier Reef, Australia: an environmen-

tal and geomorphic perspective on their occurrence, composition

and growth. Earth Sci Rev 115:1–20

Budd AF, Romano SL, Smith ND, Barbeitos MS (2010) Rethinking

the phylogeny of scleractinian corals: a review of morphological

and molecular data. Integr Comp Biol 50:411–427

Cacciapaglia C, van Woesik R (2015) Climate-change refugia:

shading reef corals by turbidity. Glob Chang Biol. doi:10.1111/

gcb.13166

Carpenter KE, Barber PH, Crandall ED, Ablan-Lagman MCA,

Mahardika GN, Manjaji-Matsumoto BM, Juinio-Meñez MA,
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