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ARTICLE INFO ABSTRACT

Editor: M Elliot Macroids are unattached centimetre-sized nodules built by encrusting invertebrates. Encrusting foraminifera
(Acervulina inhaerens) and subordinate thin coralline algae form extensive macroid beds on sandy and gravelly

Keywords: bioclastic carbonates off Kikai-jima, on a coral-reef-related island shelf, in the Central Ryukyu Islands, Japan. At

Afew ”l_i"a water depths from 75 to 100 m, the beds consist of spheroidal and sub-spheroidal macroids, c. 6 cm in mean
gogemf: nodules diameter, with asymmetric concentric inner arrangement. The macroids are bioeroded by Entobia, Maean-
ioerosions

Mesophotic setting
Holocene
Ryukyu Islands

dropolydora, Trypanites, Gastrochaenolites, and microborings. They generally show two distinct growth stages
separated by an abraded rugged surface deeply colonized by borers, mainly Entobia. Radiocarbon dating yielded
an oldest age of c. 4400 cal yr BP for the earliest acervulinid growth, whereas the second stages were much

younger, ranging in age from c. 1500 cal yr BP to present day. Datings of the two growth stages in five specimens
indicate that active growth and growth interruption were not synchronous in the different nodules. For c. 4400
years the macroids grew within an estimated maximum range of palaeotemperature changes of c. 4.7 °C, under
chronic oligotrophic to mesotrophic conditions, low-level hydrodynamism and low sedimentation rates. The lack
of synchroneity among individual macroids rules out catastrophic events and ecosystem-wide environmental
changes as possible causes of growth interruption. Random biogenic mobilization and temporal occupation of the
macroid surface by organisms with no rigid skeleton and/or biofilms likely interrupted acervulinid growth at
individual macroid scale. The environmental conditions in which Kikai-jima macroid beds develop do not
support interpretations of acervulinid macroid accumulations during Paleocene—Eocene Thermal Maximum
(PETM) and Middle Eocene Climatic Optimum (MECO) events in the Western Tethys as indicators of eutrophic
conditions.

1. Introduction

Biogenically coated grains consist of a nucleus and successive
growths of encrusting organisms. Coralline red algae and encrusting
acervulinid foraminifera build free-living, centimetre-sized nodules,
called rhodoliths and macroids, depending on the relative abundance of
the building organisms (e.g., Hottinger, 1983; Prager and Ginsburg,
1989; Foster et al., 2013). These nodules create important marine hab-
itats over loose sedimentary substrates supporting highly diverse and
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often unique biological communities, the so-called rhodolith or macroid
beds (e.g., Amado-Filho et al., 2017; Veras et al., 2020), which occur
from very shallow-water settings to the base of the photic zone (e.g.,
Reiss and Hottinger, 1984; Iryu et al.,, 1995; Kamenos et al., 2017;
Bracchi et al., 2023; Caron et al., 2023).

Coralline algae and encrusting foraminifera occur with varying
relative abundances in repetitive or randomly arranged superimposed
growth stages. Occasional or frequent overturning of biogenic nodules,
generally achieved by currents and/or biological activity, is likely to be
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Fig. 1. Geographical location of the dredged area. This area is an island shelf off south-west Kikai-jima, Central Ryukyu Islands, Japan.

a prerequisite for nodule accretion (e.g., Hottinger, 1983; Prager and
Ginsburg, 1989; Aguirre et al., 2017). The different shapes and internal
structures of these nodules record changes in environmental factors,
such as hydrodynamic conditions, substrate characteristics, trophic
levels and sedimentation rate (e.g., Adey and Macintyre, 1973; Prager
and Ginsburg, 1989; Foster et al., 2013; Aguirre et al., 2017; Sletten
et al., 2017; Brasileiro et al., 2018; Tamega et al., 2019; O‘Connell et al.,
2021; Bracchi et al., 2023). It has been assumed that changes in these
environmental factors produce similar effects in rhodolith and macroids
with different proportions of coralline algae and encrusting foraminifera
(e.g., Prager and Ginsburg, 1989; Aguirre et al., 1993; Baarli et al.,
2012). These nodules are made of calcitic skeletons with high preser-
vation potential as fossils and they form meter-thick fossil accumula-
tions in many cases throughout the Late Cretaceous to the Cenozoic. As
recorders of environmental changes for long time spans, they are useful
tools for palaeoenvironmental reconstructions (e.g., Bassi et al., 2010;
Johnson et al., 2011; Aguirre et al., 2012, 2017).

Abrupt transitions in age have been noted from older bored and
infilled cores to the still-living outer layers, indicating major disconti-
nuities in growth (e.g., McMaster and Conover, 1966; Focke and Gebe-
lein, 1978; Bosence and Pedley, 1982; Prager and Ginsburg, 1989; Littler
et al., 1991; Halfar et al., 2013; Brasileiro et al., 2018; Vale et al., 2018;
Lewis et al., 2017). These abrupt transitions in age have been interpreted
as due to the intermittent growth of rhodolith beds, interrupted by
changes in water energy and sedimentation rate (Littler et al., 1991;
Matsuda and Iryu, 2011; Figueiredo et al., 2015; Vale et al., 2022). The
longevity of the rhodolith beds has been discussed for paleoenvir-
onmental and paleoclimate analyses (Adey and Macintyre, 1973; Frantz
etal., 2000; van der Heijden and Kamenos, 2015; Aguirre et al., 2017). It
has been assumed so far that individual rhodoliths in a single bed have
similar growth stories, although their morphologies can greatly vary. In
the fossil record, several study cases described and interpreted multi-
story rhodoliths (e.g., Checconi et al., 2010; Murru et al., 2015; Aguirre
et al., 2017; Bassi et al., 2017; Aguirre and Braga, 2022) and macroids
(e.g., Caratelli et al., 2021; Brandano and Tomassetti, 2022) pointing out
that temporary burial is a common phenomenon in rhodolith and
macroid beds.

Rhodolith and macroid deposits have been extensively described in
fossil and modern deposits from the Ryukyu Islands. Pleistocene Ryukyu
reef-complex limestones are characterized by extensive rhodolith

deposits which formed in deep fore-reef to shelf settings (Nakamori
et al., 1995; Iryu et al., 1998; Sagawa et al., 2001). There are numerous
reports of modern rhodolith and macroid analogues from a variety of
Ryukyu areas, ranging from 50 to 170 m water depth (Iryu, 1984, 1985;
Iryu et al., 1995; Matsuda and Iryu, 2011; Bassi et al., 2012, 2020).
These Ryukyu areas represent mesophotic ecosystems located at lower
mesophotic depths (>60 m; Sinninger et al., 2019). The oldest dated
foraminiferal-algal nodules known so far in Ryukyu macroid beds have
been reported from Tarama-jima and Okinawa jima, giving ages of 6465
+ 45 BP at 166 m water depth (Tsuji, 1993) and 2750 + 70 BP at 66 m
water depth (Matsuda and Nohara, 1994; Matsuda and Iryu, 2011),
respectively.

Information about ecological processes in acervulinid macroids and
data regarding the temporal window of their development are scarce.
Consequently, there needs to be more consensus about what ecological
changes are recorded in macroids during the acervulinid growth and, in
turn, which are the main ecological constraints to their growth.

This study assesses the environmental controls that affected living
deep-water macroids sampled at the mesophotic 75-100 m water depth
off Kikai-jima, on a coral-reef-related island shelf in the Central Ryukyu
Islands (Japan). We examine whether these deep-water macroids show
growth stages by their inner arrangement and bioerosion and estimate
the growth-stage durations by radiocarbon dating. We also investigate
the possible mechanisms that brought about interruptions in their
growth.

2. Geographical setting

The Ryukyu Islands represent an active arc formed by subduction of
the Philippine Sea Plate beneath the Eurasia Plate. The islands are made
up of different rock types ranging in age from the Mesozoic to the
Pleistocene (Ujiié and Nishimura, 1992). The extensively developed
Pleistocene carbonate and mixed siliciclastic-carbonate terraces reach
up to c. 200 m in altitude (Nakamori et al., 1995; Watanabe et al., 2023).

Coral reefs rim most Ryukyu islands with a reef slope reaching water
depths of >50 m (Hori, 1983). The area, from which the macroids have
been sampled, located off southwest Kikai-jima, is an island shelf with
water depths from c. 60 to 110 m (Fig. 1). The seafloor in the Kikai-jima
shelf at these water depths is characterized by an undulating and
irregular topography with mobile sandy and gravelly bioclastic



Table 1

Analytical data for radiocarbon calibrated ages of the studied macroids. See Fig. 1 for sample geographic locations and Figs. 4-6 for location of the dated spots in the studied macroids.

Specimen  Sample Lab codes Conventional '*C age (years BP) Calibrated “C ages (cal yr BP)
code
i-GS1 0-GS1 i-GS2 0-GS2 i-GS1 0-GS1 i-GS2 0-GS2
Median 20 range Median 20 range A Median 20 range Median 20 range
01-i2
1 D03-B18 BE-20805, 20806, 20807, 4306 + 2450 + 1404 399 + 29 4413 4175 4639 2089 1891 2299 787 923 738 1104 overlapped post-1950
20808 31 30 29
2 DO03-BL KIA-52291 ‘21202 * 4009 3803 4236
3 D03-BR KIA-52290 ;ggs * 3121 2916 3331
3174 +
4 DO03-C KIA-53649, 53650 97 444 + 23 2969 2766 3169 overlapped post-1950
5 DO03-B12 BE-20793, 20794, 20795, 3170 + 2504 & 1316 + 511 + 29 2965 2761 3167 2158 1950 2339 955 831 665 995 114 0 258
20796 31 30 29
+ 1925 +
6 DO03-C KIA-53651, 53652 3(6)36 22 5 2810 2635 3012 1456 1286 1635
7 DO03-B15 BE-20797, 20798, 20799, 2726 & 2028 & 135+ 931 + 29 2443 2252 2682 1574 1377 1760 452 757 608 925 501 335 642
20800 30 30 30
8 DO03-B114 BE-20809, 20810, 20811, 2210 + 2032 + 1448 & 839 + 29 1790 1589 1987 1579 1382 1766 225 972 787 1157 419 259 558
20812 30 30 30
BE-2 1, 2 2, 2 1277 +
9 DO03-B17 2080(‘)180 » 20802, 20803, 2977 642 + 29 498 + 29 454 + 29 796 643 954 231 41 422 105 0 251 overlapped post-1950

*Leibniz Labor, Kiel (lab code KIA). **LARA, Bern (lab code BE); i-GS1, inner Growth Stage 1; 0-GS1, outer Growth Stage 1; i-GS2, inner Growth Stage 2; 0-GS2, outer Growth Stage 2; A 01-i2, hiatus between 0-GS1 and i-
GS2. *Calculated using the Marine20 curve (Heaton et al., 2020) and a weighted average AR = —133 £ 52 from Amami-o-jima (Yoneda et al., 2007) and Kikai-jima (Hirabayashi et al., 2017). 1’9, specimen reference

number in Fig. 7.
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Mean annual palaeo-SST (°C) and inferred palaeotemperatures at 75-100 m water depth for the sampled localities. Calibrated ages calculated with the Marine20 curve
(Heaton et al., 2020) and a weighted AR of —133 + 52 from Amami-o-shima (Yoneda et al., 2007) and Kikai-jima (Hirabayashi et al., 2017).

References Conventional '*C age Calibrated '“C age (cal palaeo-SST Inferred
(years BP) yr BP) (at 0-10 m, 1o palaeotemperature
Median [20 range] range) (at 75-100 m, 1o range)

Abram et al. (2001) 4220 + 70 4297 [4007-4568] 21.5-22.1 % 19.4-20.7
Abram et al. (2001) 3790 + 70 3729 [3455-3989] 20.1-21.0 ¥ 18.0-19.6
Chuang et al. 3595 + 20 3486 [3307-3688] 22.4-22.9 ° 20.3-21.5

(2023) 3360 + 20 3207 [2998-3387] ime-weighted average for overlapped '“C ages at
Abram et al. (2001) 3400 + 70 3251 [2978-3487] 19.3-20.3 ° 17.2-18.9 75-100 m = 19.5-20.9
Garas et al. (2023) 3235 + 20 3047 [2841-3250] 20.5-21.3 ° 18.4-19.9
Abram et al. (2001) 1860 + 70 1395 [1175-1619] 21.5-22.1° 19.4-20.7
Kawakubo et al.

(2017) * AD 1570-2010 245+1.2 21.2-24.3
JODC ** AD 1906-2003 24.5 22.4-23.1

" Estimated from modern coral Sr/Ca records.
" Japan Oceanographic Data Center (available at http://www.jodc.go.jp/).

$ Calculated from annual averages of fossil (Abram et al., 2001; Garas et al., 2023; Chuang et al., 2023) and modern (Kiyama et al., 2000; Morimoto et al., 2007;
Kajita et al., 2017) coral 8'®0 values using a temperature dependency of —0.20 + 0.02 %o/°C (Juillet-Leclerc and Schmidt, 2001).

carbonates (e.g., larger benthic foraminifera, fragments of live and dead
corals; Matsuda et al., 2010, 2011). The shelf is bathed by clear, oceanic
waters of normal salinities and an average annual sea surface temper-
ature (SST) of 24.6 °C (data from http://www.jodc.go.jp/service.htm).
The assessed water speed on the Kikai-jima shelf at c. 100 m depth is c.
10 ecm/s (Nakamura et al., 2007). Terrigenous sediments derived from
Amami-o-shima, located to the northwest, are trapped in submarine
channels between the two islands, and the sedimentation rate is low in
the study area (Arai et al., 2008).

3. Materials and methods
3.1. Morphology and bioerosion analysis

The studied macroids were dredged from the transect D-03 on the
main WE2 transect line on a flat seafloor (mobile sandy and gravelly
bioclastic carbonates) south-west of Kikai-jima (28°14'N, 129°50E;
Bassi et al., 2012; Fig. 1). The transect D-03 ranges from 75 to 100 m
water depth. After washing and drying just after acquisition, outer
surfaces and sectioned polished surfaces of the macroids were analysed
with a binocular microscope at Tohoku University. The analysis of the
macroid sphericity was performed by measuring the shorter, larger, and
intermediate axes of 24 macroid specimens, from which the shorter,
larger, and intermediate axes of the distinguished growth stages were
also assessed. The data were plotted in ternary diagrams using the TRI-
PLOT spreadsheet (Graham and Midglay, 2000). Growth-form termi-
nology follows that proposed by Woelkerling et al. (1993).

Bioerosion traces and macroid inner arrangement were studied on
polished macroid slabs sectioned along the plane, including the centre of
the specimen (Bassi et al., 2011, 2012). Macroid inner arrangements
were qualitatively assessed on specimen slabs. Both halves of macroids
were scanned at a resolution of 2400 dpi. The definitions of inner
arrangement of nodules follows Bosellini and Ginsburg (1971) and
Bosence and Pedley (1982). The amount of boring with respect to the
original macroid volume was defined by the bioerosion index (BI; Bassi
et al., 2012). Proportions of constructional voids (e.g., Minnery, 1990;
Nitsch et al., 2015) were also estimated. Taxonomy of encrusting fora-
minifera follows Perrin (1987, 1994, 2009) for Acervulina inhaerens, and
Krautwig et al. (1998) for Homotrema rubrum and Miniacina miniacea.
The studied material is deposited at the Institute of Geology and Pale-
ontology, Graduate School of Science, Tohoku University, Sendai.

3.2. Radiocarbon dating

Radiocarbon dating was performed on nine macroid specimens. All
macroid nuclei (i.e., acervulinid test) were dated. The external (within a

thickness of <1 mm) surfaces were dated in seven macroids. All speci-
mens showed growth stages, and the external part of the first growth
stage and the internal part of the second growth stage were dated in five
macroids (Table 1).

The radiocarbon measurements on nine Kikai-jima macroids
(Table 1) were performed by two different 14¢ laboratories (Table 1). In
total six analyses of four macroids were conducted at the Leibniz Labor
fiir Altersbestimmung und Isotopenforschung (KIA) at the Christian-
Albrechts University, Kiel, Germany. The measurements were conduct-
ed using the type HVE 3MV Tandetron 4130 accelerator mass spec-
trometer (AMS). The !*C/'?C and '3c/'2C isotope ratios were
simultaneously measured by the AMS, compared to the CO, measure-
ment standards and corrected for effects of exposure to foreign carbon
during the sample pre-treatment. The reported uncertainty of the *C
result takes into account the uncertainty of the measured **C/!2C ratios
of sample and measurement standard, the uncertainty of the fraction-
ation correction and the uncertainty of the applied blank correction. In
total, 20 analyses of five macroids were performed at the Laboratory for
the Analysis of Radiocarbon with AMS (LARA) at the University of Bern,
Switzerland using a 200 kV MICADAS instrument. In order to guarantee
traceability of the results, the *C-free standard JAEA-C1 and the pri-
mary standard IAEA-C2 were used for blank subtraction, standard
normalization, and correction for isotope fractionations. Sample treat-
ment of marine carbonates, *C analysis and determination of appro-
priate measurement uncertainties were validated by Gottschalk et al.
(2018).

The dates, along with the Kikai-jima coral datations provided by
Webster et al. (1998) and Sugihara et al. (2003), were calibrated to
calendar years (cal yr BP) using the Marine20 curve (Heaton et al.,
2020) and a local reservoir effect of the weighted average AR of —133 +
52 (20) from Amami-o-shima (Yoneda et al., 2007) and Kikai-jima
(Hirabayashi et al., 2017; Table 1).

3.3. Water temperature assessment

The vertical profile from 0 to 200 m of annual mean temperatures for
1906-2003 off Kikai-jima (28°-29°N, 129°-130°E) was reconstructed
with data from the Japan Oceanographic Data Center (JODC; htt
p://www.jodc.go.jp/). Although the Ryukyu Islands have been under
the influence of interannual-to-interdecadal climate variabilities such as
the East Asian Monsoon, ENSO, and Pacific Decadal Oscillation since the
Middle-to-Late Holocene (Kawakubo et al., 2017; Asami et al., 2020;
Garas et al., 2023), the mean climate state was almost stable on a
centennial-to-millennium timescale (Chuang et al., 2023). The present-
day vertical profile of seawater temperature has been almost/likely
constant in gradient during the Late Holocene (Li et al., 2020). The
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Fig. 2. Macroid morphology. A, field photograph of the rhodolith bed at c. 120
m water depth on the Miyako-Sone submarine platform showing some nodules
covered by encrusting sponges (red, yellow and orange) along with greenish
coatings of microbial mats. B, box plot showing the average size of 38 mm
(average size range) for the GS1 and of 58 mm for the GS2 of the measured
macroid specimens; n = 24). C, the macroid growth stages are spheroidal-sub-
spheroidal in shape (axes: shorter, S; larger, L; intermediate, I). GS1, first
growth stage; GS2, second growth stage. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

palaeotemperature ranges at 75-100 m depth were assessed from the
palaeo-SST reconstructions from oxygen isotope (5'80) records of
modern and fossil corals from Kikai-jima (Kiyama et al., 2000; Abram
etal., 2001; Morimoto et al., 2007; Kajita et al., 2017; Garas et al., 2023;
Chuang et al., 2023) for the time slices of 4568-4007, 3989-3455,
3688-2998, 3487-2978, 3250-2841, and 1619-1175 cal yr BP (20)
(Table 2). Hereafter the median ages are referred as 4300, 3700,
3500-3200, 3300, 3000, and 1400 cal yr BP, respectively.

4. Results
4.1. Macroid shape and inner arrangement

Maximum diameter of the studied macroids (n = 24) ranges between
25 mm and 130 mm (average 71.6 mm, standard deviation s.d. 27.7
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mm), the intermediate diameter ranges from 19 to 93 mm (average 58.2
mm, s.d. 23.1 mm), and the minimum diameter ranges from 12 to 89
mm (average 46.7 mm, s.d. 21.8 mm; Fig. 2). Dominating shapes are
spheroidal and sub-spheroidal with asymmetric concentric inner
arrangement (Figs. 3-6). The outer surface mainly shows encrusting
Acervulina inhaerens and subordinate thin encrusting hapalidialean
coralline red algae (Lithothamnion sp.). Common warty and rare lumpy
acervulinid growths are also present (Fig. 3). Rare warty thin corallines,
most still living when collected, bryozoans and serpulids are also pre-
sent. The nuclei of the macroids consist of small bivalve and older
macroid fragments. The asymmetric concentric inner arrangement
consists of superimposed encrusting Acervulina inhaerens specimens
intergrown with subordinate coralline algae and a high volume of
constructional voids. Subordinate components are serpulids, bryozoans,
and the foraminifera Homotrema rubrum and Miniacina miniacea.

Two distinct stages of growth, marked by abraded and bioeroded
surfaces, can be distinguished in all studied macroids (Figs. 4-6). The
longest axis of the first growth stage (GS1) around the nucleus is 63 mm,
and the mean diameter ranges from 26 mm to 52 mm (average 39 mm,;
Fig. 2B). The second growth stage (GS2) completes the dimensions of the
entire macroid specimens (Fig. 2B). GS2 shapes are inherited from GS1
ones (Fig. 2C). The macroids were heavily bored in both growth stages
(BI is 3) commonly by sponges (Entobia isp.), sipunculid and polychaete
worms (Maeandropolydora isp., Trypanites isp.), and commonly to rarely
by bivalves (Gastrochaenolites isp.), algae, cyanobacteria, and fungi
(microborings). The boundary between GS1 and GS2 is characterized by
an abraded surface deeply colonized mainly by Entobia isp. showing a
comparable degree of abrasion in all macroids. In the GS2, Gastro-
chaenolites isp. can be common. The chemical mytilid borers Leiosolenus
sp. and Lithophaga sp. were identified within the traces (Bassi et al.,
2020). In both stages, borings and constructional voids have no sedi-
ment infilling (Figs. 4-6).

4.2. Macroid ages and water temperatures

The radiocarbon datings of the macroid inner (GS1) parts (acervu-
linid tests) gave an oldest age of 4413 cal yr BP (4175-4639 cal yr BP)
and a youngest age of 796 cal yr BP (643-954 cal yr BP). The outer
stages of the macroids (GS2) yielded an oldest age of 1456 cal yr BP
(1286-1635 cal yr BP) and youngest ones ranging from 114 cal yr BP
(0-258 cal yr BP) to present-day (Table 1, Fig. 7). The two distinguished
growth stages are separated by hiatuses ranging from 955 to 225 years
(Table 1).

The vertical profile of present-day annual mean temperature off
Kikai-jima shows a SST of c. 24.5 °C and values of c. 23.1-22.4 °C at the
sampled macroid beds (75-100 m water depth) (Table 2, Fig. 8). The
palaeo-SST estimated from Kikai-jima corals varies from 21.5 to 22.1 °C
at c. 4300 cal yr BP to 20.1-21.0 °C at c. 3730 cal yr BP (Abram et al.,
2001; Table 2, Fig. 8). At c. 3200 cal yr BP palaeo-SST ranged from 19.3
to 22.9 °C (Abram et al., 2001; Garas et al., 2023; Chuang et al., 2023;
Table 2). Paleo-SST was 21.5-22.1 °C at c¢. 1400 cal yr BP (Abram et al.,
2001). Modern SST values were reached since the 1570 CE (24.5 +
1.2 °C; Kawakubo et al., 2017). At the sampled water depths, the
inferred palaeotemperatures show minimum values at c. 3250 cal yr BP
(17.2-18.9 °C) and maximum values in recent times at 1570-2010 CE
(21.2-24.3 °C; Table 2).

5. Discussion

The studied macroids clearly formed in situ on the flat island shelf
southwest off Kikai-jima. The mobile sandy and gravelly bioclastic
carbonates deposited on hard rocky substrates (e.g., Matsuda et al.,
2011) were inhabited by the acervulinid community at least since the
latest Middle Holocene as evidenced by the age estimations of the
earliest acervulinid growth (between c. 4300 and c. 1277 cal yr BP;
Table 1). The acervulinid and crustose coralline algal covers of the
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Fig. 4. Slab surfaces of macroids showing a complex inner arrangement, boring patterns and locations of the radiocarbon dating (Table 1); 75-100 m water depth, off
Kikai-jima, Central Ryukyu Islands, Japan. E, Entobia isp.; G, Gastrochaenolites isp.; M, Maeandropolydora isp.; T, Trypanites isp.; v, void; GS1, first growth stage; GS2,

second growth stage; cal yBP, calibrate years BP.

macroids are still living.

5.1. Environmental conditions of growth

Previous studies have shown that acervulinid foraminifera indicate
reduced competition for substrate encrustation, which is one of the most
critical factors controlling the biotic composition of epilithic benthic
communities (Reiss and Hottinger, 1984; Walker et al., 2011). The first
species encrusting a hard substrate can maintain their spatial distribu-
tion by the niche incumbency effect (Walker et al., 2011). Acervulina
inhaerens can exclude other encrusting organisms and resist the invasion
of new taxa over time, an ecological tendency observed in the Red Sea
(Hottinger, 1983).

Reduced competition for substrate encrustation is related to a
decrease in sedimentation rate (e.g., Taylor and Wilson, 2003), water
turbulence (e.g., Taylor and Wilson, 2003; Aguirre et al., 2017) and
irradiance (e.g., Reiss and Hottinger, 1984; Perrin, 1992; Perry and
Hepburn, 2008). The setting of Kikai-jima macroids is characterized by
low sedimentation rates, which are revealed by the high bioerosion
index (BI of 3) for both growth stages (Figs. 4-6). The dense bioerosion
points to a long residence time of macroids on mobile sandy and gravelly
bioclastic carbonate substrate, allowing the boring organisms to thrive
(Bassi et al., 2011, 2020). Specifically, low sedimentation rates are
corroborated by the occurrence of microbioerosion (i.e., algae,

cyanobacteria, and fungi) made by heterotrophic microborers (Vogel
et al., 2000; Golubic and Radtke, 2005), the dominance of Entobia made
by etching sponges, and subordinately by polychaete worms (i.e.,
Maeandropolydora; e.g., Bromley, 1994), and characteristic boring bi-
valves (i.e., Gastrochaenolites; Bassi et al., 2020).

Ecological and palaeoecological interpretations of modern and fossil
macroid/rhodolith deposits suggest that shape (i.e., sphericity) is not
necessarily linked to water turbulence (Lund et al., 2000; Bassi et al.,
2006; Steller et al., 2009; Aguirre et al., 2017; O‘Connell et al., 2021).
The studied spheroidal and sub-spheroidal macroids, which occur in an
area swept by low-speed currents (Nakamura et al., 2007), confirm that
there is no relationship between macroid sphericity and water energy/
hydrodynamic setting, as concluded for the rhodoliths (Lund et al.,
2000; Aguirre et al., 2017). The encrusting growth forms shown by all
coralline algae making up the studied macroids have been interpreted as
forming in calm waters (e.g., Adey and Macintyre, 1973; Braga and
Martin, 1988; Bassi, 1995; Bosence, 1991a, 1991b; Perrin, 1992).

The asymmetric concentric inner arrangement of superimposed
encrusting acervulinids suggests different growth stages with different
increments (Williams et al., 2019). These were influenced by the long
residence time on the seafloor rather than by the acervulinid growth
rate.
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Fig. 5. Slab surfaces of macroids showing a complex inner arrangement, boring patterns and locations of the radiocarbon dating (Table 1); 75-100 m water depth, off
Kikai-jima, Central Ryukyu Islands, Japan. E, Entobia isp.; G, Gastrochaenolites isp.; M, Maeandropolydora isp.; T, Trypanites isp.; v, void; GS1, first growth stage; GS2,

second growth stage; cal yBP, calibrate years BP.

5.2. Influence of temperature and irradiance on acervulinid growth

The Kikai-jima macroids experienced temperature changes of c.
4.7 °C for c. 4400 years (i.e., c. 18 °C minimum at c. 3700 cal yr BP,
22.75 °C maximum of today; Fig. 8, Table 2), but the interruptions of
growth of the macroids do not show correlation with the three most
recent cooling events with amplitudes of c. 1-2 °C, at around 1700, 3200
and 4400 cal yr BP (Wan et al., 2023; Fig. 7).

The mean climate state around Kikai-jima has been almost stable on
a centennial-to-millennial timescale during the Middle to Late Holocene
(Chuang et al., 2023). Reconstructed subsurface temperatures showed a
small variability of c. 1.5 °C in the Okinawa Trough during the Late
Holocene (Li et al., 2020). Because the variation of annual insolation at
30°N has been quite small (c. 1 W/m2) during the last 4400 years
(Berger and Loutre, 1991), the estimated range (c. 4.7 °C) of seawater
temperature variations inferred from paleo-SST data of massive Porites
corals (Abram et al., 2001; Garas et al., 2023; Kawakubo et al., 2017;
Table 2) can be considered as the maximum range of temperature
change in Kikai-jima waters during the latest Middle to Late Holocene.

The absence of hermatypic corals and the subordinate role of
coralline red algae and larger foraminifera suggest that low irradiance
favoured the acervulinid dominance in macroid beds, since light defi-
ciency is a discriminating factor between encrusting foraminifera and
major reef-building organisms (Reiss and Hottinger, 1984; Perrin, 1992;
Perry and Hepburn, 2008; Kawahata et al., 2019). Although the absence

of symbionts in acervulinids is not fully confirmed (Leutenegger, 1984;
Perrin, 1992), low light irradiance is an important factor favouring the
dominance of acervulinids which thrive in less bright areas than pho-
tophyle organisms on hard substrates (Hottinger and Levinson, 1978;
Palmieri and Jell, 1985; Perrin, 1992). Although thin encrusting Lith-
othamnion sp. and other hapalidialeans are common in relatively deep-
water settings (e.g., Adey et al., 1982; Minnery, 1990; Iryu et al.,
1995; Lund et al., 20005 Littler and Littler, 2003), low irradiance prob-
ably reduced their ability to compete for substrate incrustation with
acervulinids.

5.3. Interrupted growth of acervulinids

The nuclei of the GS1 yielded ages of c. 4400-796 cal yr BP, whereas
the dated outer growth stages range from c. 1456 cal yr BP to present-
day (Table 1). A significant difference in age between the two distin-
guished growth stages was found in all dated nodules, indicating that
their active growth was interrupted for long time spans (Fig. 9).

The GS1-GS2 boundary is characterized by an abraded rugged sur-
face deeply colonized by mainly Entobia isp. This hiatus/time gap ranges
from c. 955 to 225 cal yr BP (Table 1). Ages of the macroid nuclei, in-
terruptions of growth (i.e., outer GS1) and the hiatuses between the two
growth stages show neither a specific temporal pattern nor synchroneity
(Fig. 7).

Each individual macroid, after a long period of growth interruption
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Fig. 6. Slab surfaces of macroids showing a complex inner arrangement, boring patterns and locations of the radiocarbon dating (Table 1); 75-100 m water depth, off
Kikai-jima, Central Ryukyu Islands, Japan. E, Entobia isp.; G, Gastrochaenolites isp.; M, Maeandropolydora isp.; T, Trypanites isp.; v, void; GS1, first growth stage; GS2,

second growth stage; cal yBP, calibrate years BP.
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Fig. 7. The nine radiocarbon-dated acervulinid macroids show different ages from the core (inner GS1) to the outer surfaces (outer GS2). There is a long (up to c.
1000 years; Table 1) and highly varying hiatus (growth interruption) between the two distinguished growth stages (i.e., outer GS1, inner GS2) in different macroid
individuals. Holocene rapid cooling events with amplitudes of c. 1-2 °C (Wan et al., 2023) did not affect macroid growth. No giant tsunami have been so far identified
(Fujiwara et al., 2020). Other events identified in the Kikai-jima area (e.g., uplift of terrace IV, Webster et al., 1998; last Kikai-jima terrace, Sugihara et al., 2003) do
not correlate with macroid growth interruptions. For each studied macroid specimen rectangle widths and bold vertical lines are '*C 2-0 ranges and median

respectively (Table 1).

due to harsh ecological conditions for the acervulinids, shows a subse-
quent ecological restoration which gave rise to the GS2 (Figs. 4-6), in
which the acervulinids started again to grow and the macroid was again
colonized by skeletal epizoans (i.e., serpulids, bryozoans), boring or-
ganisms, and epiphytes (corallines). Despite the favourable setting (i.e.,

low sedimentation rate), after a first growth stage, each individual
macroid suffered a long-lasting growth interruption and a subsequent
regrowth at times different from those of its neighbours (Fig. 9).
Encrusting acervulinids need a relatively stable substrate with a low
sedimentation rate to avoid burial. Below the fair-weather wave base, as
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Fig. 8. Vertical profiles of annual mean temperature of sea water off Kikai-
jima. Profile 1 shows present-day data from Data Online Service System
(JODC) provided by Japan Oceanographic Data Center (http://www.jodc.go.
jp/) and from Kawakubo et al. (2017). The grey area marks water depth of
studied macroids. Profiles 2-6 (red) are assessed considering the present-day
vertical profile gradient (1) and the estimated palaeo-SSTs (see Table 2). 2,
4300 cal yr BP (Abram et al., 2001); 3, 3730 cal yr BP (Abram et al., 2001); 4,
3200 cal yr BP (Abram et al., 2001; Garas et al., 2023; Chuang et al., 2023); 5,
1400 cal yr BP (Abram et al., 2001); 6, 1570-2010 CE (Kawakubo et al., 2017).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

in this case study, the higher stability of the macroids allows the acer-
vulinid assemblage to thrive longer (e.g., Matsuda and Iryu, 2011; Bassi
et al.,, 2012, 2013). However, an ecological condition produced the
interruption of the acervulinid/macroid growth. Such condition did not
affect the whole macroid bed but individual macroids, as demonstrated
by the different durations of the hiatus between the growth stages and
the absence of growth synchroneity (Fig. 7; Table 1).

To date, two possible types of factors have been suggested for causing
growth interruption in rhodoliths made up of coralline algae in quiet
conditions below the fair-weather wave base (e.g., Prager and Ginsburg,
1989; Aguirre et al., 2017; Vale et al., 2018). One of these types is
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increased sedimentation rate and/or increased turbidity, which can be
related to catastrophic events (i.e., occasional severe storms, tsunamis)
that affect rhodolith beds. This kind of events has been described from
many fossil and present-day rhodolith accumulations (e.g., Braga and
Martin, 1988; Steller and Foster, 1995; Smith and Cooper, 2004; Tamega
et al., 2014; Puga-Bernabéu and Aguirre, 2017; Johnson et al., 2017;
Lavenere-Wanderley et al., 2021). Kikai-jima, located on the actively
subducting Amami Plateau (Kato, 1993), underwent several meter-scale
uplift events in the last 2000 years (Shimazaki and Nakata, 1980;
Kawana, 1989; Webster et al., 1998; Ota et al., 1978, 2000; Sugihara
et al., 2003; Fig. 7). However, despite these events have been charac-
terized by quick and repeated large earthquakes, by relatively small
earthquakes or by stable uplift without large earthquakes (Nakata et al.,
1978; Goto, 2017), they probably did not generate large tsunamis
(Fujiwara et al., 2020) since tsunami-related deposits have not been
identified so far in the Kikai-jima area.

On the other hand, the overturn and burying of rhodoliths with
subsequent growth interruption can be caused by the biogenic mobili-
zation of rhodoliths by vagrant organisms (e.g., Malachantus plumieri)
moving around algal nodules (Marrack, 1999; Amado-Filho et al.,
2012).

These two types of factors act at different spatiotemporal scales. The
first affects the whole bed simultaneously, whereas the second repre-
sents an occasional event for individual macroids. Because Kikai-jima
macroids show no synchronous growth interruption, which otherwise
occurs in all studied specimens, most probably random biogenic pro-
cesses are responsible for interruptions of macroid growth.

5.4. Deterring mechanism in growing acervulinids and settlement of
surface-colonizing organisms

A potential third factor producing the acervulinid growth interrup-
tion might be related to the temporal occupation of the macroid surface
by organisms or biofilms that do not leave calcareous skeletal remains
for nodule accretion. In particular, sponges and biofilms might have
antifouling properties preventing acervulinid growth, epiphytes and
boring bivalve settlement on macroid surfaces. Microbial biofilms play
important roles in initiating settlement of marine invertebrate larvae.
Laboratory studies showed that biofilms contributed to the settlement of
sponge larvae, with markedly higher numbers of larvae settling on
biofilms (Whalan and Webster, 2014). Marine bacteria forming biofilms
can produce compounds with algicidal and anti-epifaunal properties
(Bowman, 2007; Gomez-Lemos and Diaz-Pulido, 2017). Sponges rely
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Fig. 9. Model of individual macroid growth. The macroid inner arrangements (i.e., asymmetric concentric arrangement with high proportions of constructional
voids) point to low sedimentation rate and low-level hydrodynamic conditions in the depositional setting. Macroids, initially grew c. 4400 yrs. ago at c. 20.0 °C water
temperature (Table 2). They show two growth phases (GS1, GS2) separated by an interruption of acervulinid growth (hiatus; grey dashed line) marked by an abraded
surface deeply colonized by mainly Entobia isp., which points to a long residence time on the sea floor. Temporal occupation of the macroid surface by soft-bodied
organisms and/or biofilms and random biogenic mobilization and occasional burial (bio.burial) of single macroid specimens caused macroid growth interruption.
Subsequent re-colonization of nodule by acervulinids built the GS2s. This stage lasts until today with living coralline algal and acervulinid covers. Sketch, not to scale.
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Table 3

Location, age, features and setting of reported Cretaceous-Miocene acervulinid assemblages.
Reference Location Age Feature Setting
Caratelli et al. (2021) N Patagonia Early Cretaceous macroids proximal outer ramp
Robless-Salcedo et al. (2013) NE Spain late Campanian-early encrusting reef

Maastrichtian

Beckmann et al. (1982) NW Italy Campanian-Paleocene encrusting shallow-water platform
Baceta et al. (2005) N Spain Danian encrusting patch and barrier reefs
Schlagintweit et al. (2018) Austria Danian encrusting shallow-water platform
Elliott (1964) Spanish Pyrenees, Slovakia, Iraq, Arabia,  early Eocene encrusting shallow-water platform

Plaziat and Perrin (1992)

Eichenseer and Luterbacher
(1992)

Moussavian and Hofling
(1993)

Pakistan
S France, N Spain

NE Spain

Austria, S France

early Ypresian
early Ypresian

early Eocene

Scheibner et al. (2007) NE Spain early Eocene
Tomas et al. (2016) N Oman early Eocene
Ferratges et al. (2021) NE Spain Ypresian
Perrin (1992, 1994, 2009) N Spain, S France; early Eocene;
Loyalty Islands early Eocene
Mururoa Pleistocene—Recent
Rasser (1994) Austria Ypresian-Lutetian
Nebelsick et al. (2005) Circumalpine area middle Eocene
Martin-Martin et al. (2021) SE Spain middle Eocene
Palfalvi (2004) Hungary middle Eocene
Varrone and D’Atri (2007) W Italy Lutetian-Bartonian
Brandano and Tomassetti NW Italy Bartonian
(2022)
Coletti et al. (2021) NW Italy Bartonian—Priabonian
Hagn and Wellnhofer (1967) Bavaria late Eocene
Darga (1993) Bavaria late Eocene
Poisson and Poignant (1975) W Antalya Early Miocene
Karabiyikoglu et al. (2005) W Antalya Early-Middle Miocene

Wiedl et al. (2012)
Aftabuzzaman et al. (2021)

Lower Austria
Minamitorishima (Marcus Island)

Middle Miocene
Tortonian

encrusting, branching,
framestone
encrusting, macroids

encrusting, macroids

encrusting, macroids
encrusting, tubular
encrusting
encrusting

encrusting, macroids
encrusting, macroids
encrusting, framestone,
macroids

encrusting

macroids

encrusting, macroids

macroids

encrusting
encrusting, macroids
Encrusting, macroids
encrusting
encrusting, macroids
encrusting

high turbidity reef slope-to- outer
platform
reef mounds

shallow-water platform

reef mounds

inner platform (seagrass)
middle platform

inner platform

shallow-water (seagrass)
proximal outer shelf
inner ramp

inner ramp
deep infralittoral
middle ramp

middle platform

inner platform

middle ramp

shallow-water platform

coral patch-reefs

shallow-water seagrass meadows
coral reef

heavily on the production of chemicals as a form of defence against
predators, competitors, fouling organisms, and microbes (Maida et al.,
1995; Suzuki et al., 1998; Krug, 2006). Interestingly, the compounds
appear to be produced by associated microorganisms rather than the
sponge (Taylor et al., 2007; Webster and Taylor, 2012). Some ascidians
and/or harboured cyanobacteria produce bioactive compounds
(Hamamoto and Reimer, 2022).

Images of the macroid bed on the Miyako-Sone submarine carbonate
platform (c. 120 m water depth; Fig. 5c, Arai et al., 2014; Fig. 2A) show
nodules totally or partially covered by sponges (red orange and yellow
colours, may be ascidians as well) and other covered by greenish mi-
crobial mats (biofilms), indicating that acervulinids and coralline algae
are absent from the nodule surface for certain periods of time. A similar
situation is presumed for the Kikai-jima macroids.

The common Entobia bioerosions were made by boring sponges that
colonize hard substrates (i.e., macroid surface) available after acervu-
linid death and experienced less space competition from weakened
neighbouring organisms (e.g., boring bivalves). The end of the GS1 is in
fact marked by a highly bioeroded surface by etching sponges
(Figs. 4-6). In oligotrophic settings from the southern Caribbean Sea, the
microbiome associated to Cliona varians aids the sponge to be able to
colonize and bioerode in environments with low access and scarce
availability of nitrogen sources (Sanchez-Suarez et al., 2022). Associated
with the sponge’s etching scars microbioerosions of algal, cyanobacte-
rial and fungal origin has been interpreted as both eroding simulta-
neously and potentially even being engaged in a possible symbiotic
relationship (Schonberg et al., 2019). The micro-endolithic traces
identified in the studied macroids (Bassi et al., 2011, fig. 4) likely
represent these microbioerosions.
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6. Resilient Kikai-jima macroids and their fossil counterparts
from the Western Tethys

The family Acervulinidae Schlutze, as re-assessed by Perrin (1994),
includes several genera among which the systematically close-related
genera Acervulina Schultze, 1854 and Solenomeris Douvillé, 1924 can
form macroids and foraminiferal reefs (Perrin, 1992; Plaziat and Perrin,
1992). Both genera have fossil records: Acervulina is mainly reported
from the Neogene to the Recent, whereas Solenomeris is known from the
Early Cretaceous to Miocene (Perrin, 1994; Bassi, 2003; Caratelli et al.,
2021) Acervulinid framestones and macroids have been mainly
described from the early (Ypresian) and middle (Bartonian) Eocene of
the Western Tethys (Table 3). Three records are from the Early and
Middle Miocene (Poisson and Poignant, 1975; Karabiyikoglu et al.,
2005; Wiedl et al., 2012) and one in the Late Miocene (Aftabuzzaman
et al., 2021). Fossil acervulinid framestones and macroids formed in
middle ramp settings with rare occurrences in inner- and outer-ramp
areas (Table 3).

Between the Paleocene-Eocene Thermal Maximum (PETM; Mcl-
nerney and Wing, 2011) and the rapid growth of ice on Antarctica in the
earliest icehouse state of the Oligocene (Anagnostou et al., 2016), the
long-term cooling trend was interrupted by a short-warming event
known as the Middle Eocene Climatic Optimum (MECO; Henehan et al.,
2020). The stratigraphical occurrences of abundant acervulinid accu-
mulations coincide with the PETM and the MECO. According to our
results, the flourishing of acervulinids is likely due to almost no
competition for space by phototrophic organisms (i.e., hermatypic
corals, coralline red algae, larger foraminifera) in the low light settings
in which they thrived.

The PETM and MECO warming events lasting c. 200-400 kyr with a
rapid global warming (5-8 °C; e.g., McInerney and Wing, 2011; Hene-
han et al., 2020) did not directly contribute to the flourishing of the
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acervulinids which, instead, are independent of such temperature vari-
ations, as shown by the Kikai-jima macroids. The thick encrusting
acervulinid and macroid accumulations demonstrate that conditions
favourable to acervulinids can persist for thousands of years. In middle
ramp settings, below the fair-weather wave base (Table 3), acervulinids
can thrive in low-irradiance settings and become dominant organisms
over the phototrophic ones.

In Kikai-jima shelf, no significant nutrient input or flux of particulate
organic matter is known. Macroid beds flourish in oligo-mesotrophic
conditions, also promoting highly diversified Okinawa coral reef and
larger benthic foraminiferal communities (e.g., Hohenegger, 1999;
Ministry of the Environment and Japanese Coral Reef Society, 2004;
Iryu et al., 2006; Sinninger et al., 2019; Takeyasu et al., 2023). The
Kikai-jima macroids do not support the interpretation of acervulinids as
opportunistic foraminiferal indicators of eutrophic environments
(Schlagintweit et al., 2018) and contradict that acervulinids might
indicate deterioration of trophic conditions, suggested as the cause for
the sifting in Eocene shallow-water carbonate producers from zoox-
anthellate corals and larger foraminifera to encrusting foraminifera and
coralline algae (Brandano and Tomassetti, 2022).

7. Concluding remarks

Internal morphology, bioerosion patterns, and radiocarbon datings
of living acervulinid macroids collected at 75-100 m water depth on the
shelf off Kikai-jima (Central Ryukyu Islands, Japan) suggest that they
have been growing for thousands of years with long periods of growth
interruption.

The examined specimens consist of spheroidal and sub-spheroidal
macroids, c¢. 6 cm in mean diameter, with the asymmetric concentric
inner arrangement of Acervulina inhaerens crusts intergrown with sub-
ordinate thin hapalidialean coralline algae. Entobia isp., Maean-
dropolydora isp., Trypanites isp., micro-endolithic traces, with rare
Gastrochaenolites isp., represent the bioerosion traces. Radiocarbon
chronology gave an oldest date of c. 4400 cal yr BP for the earliest
acervulinid growth. Individual nodules show two growth stages with a
long (up to c. 1000 years) and a highly varying growth hiatus between
them. No temporal patterns of growth interruption among the dated
nine specimens were observed.

The macroid-forming encrusting acervulinids have been growing
under low sedimentation rate, low water turbulence, and a maximum
range of palaeotemperature changes of c. 4.7 °C at least during the latest
Middle to Late Holocene. They outcompeted phototrophic organisms,
such as hermatypic corals and coralline algae, for substrate encrustation.

The lack of synchroneity in the individual macroids excludes
ecosystem-wide causes of growth interruption, including catastrophic
events (large tsunamis). Random biogenic mobilization and burial and
temporal occupation of macroid surface by organisms or biofilms are
likely responsible of interruptions of macroid growth. Soft-bodied or-
ganisms, such as sponges, and biofilms prevented acervulinid growth
and boring bivalve settlement on macroid surfaces. Assumptions of
environmental factors affecting whole macroid/rhodolith beds need to
be supported by a significant number of datings of growth phases and
hiatuses in individual nodules.

The environmental conditions of Kikai-jima macroids contradict in-
terpretations of acervulinids as opportunistic foraminifera indicating
eutrophic environments and deterioration of trophic conditions in
Paleocene-Eocene (PETM) and middle Eocene (MECO) Western Tethyan
carbonate factories. Rather, their flourishing is likely due to limited
competition for space with phototrophic organisms.
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