‘l'\, Check for updates

SEDIMENTOLOGY [ty

Sedimentology (2026) doi: 10.1111/sed.70143

Not all rhodoliths need a bed-depositional mechanisms in
shallow water Sporolithon nodosum rhodoliths from the
Whangaparaoa peninsula (North Island, New Zealand)

SEBASTIAN TEICHERT* (), THOMAS MOLG+ (), INES PYKO* (i), ELENA KROPACH (),
PETER MARRIOTTZ (5, ROBERTA D’ARCHINOZ (), NICOLAS CULLENS (),

DANIELA BASSO({ ¢, NORA PERSCH*, SVEN BACH*, ELLA LIS**,

BEAU MASTERS** and WENDY NELSON**- %+

*Lehrstuhl fiir Paldoumwelt, GeoZentrum Nordbayern, Friedrich-Alexander-Universitit Erlangen-
Niirnberg (FAU), Loewenichstrafe 28, 91054 Erlangen, Germany (E-mail: sebastian.teichert@fau.de)
tClimate System Research Group, Institute of Geography, Friedrich-Alexander-Universitdt Erlangen-
Niirnberg (FAU), Erlangen, Germany

tEarth Sciences New Zealand, Private Bag 14901, Kilbirnie, Wellington, New Zealand

§School of Geography, University of Otago, Dunedin, New Zealand

{Department of Earth and Environmental Sciences, University of Milano-Bicocca, Piazza della Scienza
4, Milano 20126, Italy

**School of Biological Sciences, University of Auckland, Auckland, New Zealand

t+Natural Sciences Department, Auckland Museum Tamaki Paenga Hira, Auckland, New Zealand

Associate Editor: Jody Webster

ABSTRACT

Rhodoliths, formed by crustose coralline algae (CCA), are prominent com-
ponents in carbonate platform deposits, contributing to the characteristic
rhodalgal facies. Their formation is influenced by both biological and
physical factors, and under specific conditions, they can accumulate,
forming extensive rhodolith beds. This study examines the depositional
mechanisms underlying the formation of monospecific (Sporolithon nodo-
sum) shallow-water rhodoliths from the Whangaparaoa Peninsula, North
Island, New Zealand. The findings suggest that these rhodoliths originate
in subtidal rocky channels at approximately 5 m depth, by the encrusta-
tion of nuclei derived from surrounding geological strata. Following their
formation, these rhodoliths are transported into intertidal channel systems
and eventually deposited in supratidal beach areas. Notably, the structure,
morphology and composition of rhodoliths across these three depositional
settings exhibit minimal variation, suggesting that the rhodoliths belong
to a strongly interconnected coastal system with only brief intervals
between translocation events. In this context, the study provides a sedi-
mentological model for the development of rhodoliths in a coastal setting.
Furthermore, it challenges the presence of a significant rhodolith bed
sensu stricto in deeper offshore waters, as exploratory diving surveys
revealed extensive sand deposits that hinder rhodolith development in
these areas.

Keywords Crustose coralline algae, New Zealand, non-geniculate coralline
algae, rhodolith formation, rhodoliths, Sporolithon nodosum, Whangaparaoa
peninsula.
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INTRODUCTION

Coralline algae of the subclass Corallinophyci-
dae Le Gall & Saunders, 2007 are heavily calci-
fying benthic macroalgae that are distributed
globally (Foster, 2001; Teichert, 2024), including
the polar areas on both hemispheres (Lépez Cor-
rea et al., 2023; Teichert et al., 2024) and which
have a fossil record dating back to Palaeozoic
ages (Riding et al., 1998; Teichert et al., 2019).
Non-geniculate coralline algae, frequently
referred as crustose coralline algae (CCA) have
an extensive bathymetric range and are found in
diverse habitats such as shallow reef crests
(Dean et al., 2015), tidal pools (Nalin
et al., 2008) and even at depths of up to 268 m,
representing the deepest known occurrence of
plant life on Earth (Littler et al., 1985). More-
over, there are first records of CCA inhabiting
freshwater environments (Zuljevié et al., 2016;
Ragazzola et al., 2020). CCA have a great pheno-
typic plasticity and the same species may form
crusts fixed to bedrock or large boulders, but
can also occur free-living in the form of
so-called rhodoliths, also referred to as maérl
(Bosence, 1983b). However, the scientific term
rhodolith is preferred to the vernacular term
maeérl (Basso et al., 2016). Rhodoliths can form
extensive accumulations, giving rise to the
so-called rhodolith beds. Rhodolith beds play a
vital role in both ecological and sedimentologi-
cal processes within the ocean, due to their
properties as ecosystem engineers (Kamenos
et al., 2004; Teichert, 2014; Straube et al., 2024;
Tamega et al., 2024), their massive calcium car-
bonate skeletons and their wide distribution
(Tuya et al., 2023). Currently there is no unify-
ing definition of a rhodolith bed in terms of cov-
erage and proportion of living compared to dead
rhodoliths (Bulleri et al., 2025). However, differ-
ent studies have used varying criteria, such as a
cover of living coralline thalli greater than 10%
(Steller et al., 2003; Basso et al., 2016) or 30%
(OSPAR, 2008), within an area of at least 100 m?
(Rinde et al., 2022) or 500 m* for the purpose of
mapping at the regional scale and for interna-
tional initiatives of habitat mapping (Basso
et al., 2016).

Our study describes rhodolith accumulations
from the Whangaparaoa peninsula located in the
North Island of New Zealand and establishes a
new depositional framework for their formation
and development, hypothesising that the Whan-
gaparaoa rhodolith system represents a spatially

restricted and dynamically connected coastal
accumulation rather than a deposit primarily
supplied by a large offshore rhodolith bed. The
site has been analysed before (Nalin et al., 2008;
Basso et al., 2009) and the rhodolith production
area has been estimated to be located within the
intertidal and the very shallow subtidal setting,
but these early studies did not provide direct
evidence from subtidal exploration (Nalin
et al., 2008; Basso et al., 2009).

Although the occurrence of isolated rhodoliths
outside fully developed rhodolith beds is not
unexpected, the exceptionally high abundance
of rhodoliths observed in the present
shallow-water setting raises the question of
whether this area represents the preferential
growth environment of the population. The
studied habitat is characterised by strong hydro-
dynamic disturbance, including tidal currents,
storm influence, repeated overturning, abrasion
and episodic transport processes, all of which
indicate a highly dynamic and potentially unsta-
ble environment for sustained rhodolith growth.
Basso et al. (2009) interpreted the Whangaparaoa
rhodoliths as developing under conditions of
frequent hydrodynamic disturbance, reflected by
their compact internal structure, apical abrasion,
intercalary regrowth after breakage and multiple
abrasion surfaces separating successive growth
phases. While such settings may facilitate local
accumulation and temporary preservation of
rhodoliths, we hypothesise that the preferential
growth zones of the rhodolith population may
primarily occur in deeper and more stable
subtidal environments, potentially including
true rhodolith-bed settings, from which
rhodoliths are episodically transported or redis-
tributed into the extremely shallow-water
environment.

This interpretation also highlights an impor-
tant  difference between rhodoliths and
reef-forming corals. Solitary coral colonies out-
side reef frameworks are relatively unsurprising
because many scleractinian corals disperse via
planktonic planula larvae capable of surviving
transport over considerable distances before set-
tlement (Richmond & Hunter, 1990).
Rhodolith-forming coralline algae, by contrast,
lack such a larval dispersal stage and instead
propagate through spores and vegetative frag-
mentation, indicating rather limited dispersal
capacities for CCA (Pardo et al., 2019).

Our study includes the supratidal, intertidal
and subtidal environments (1 to 17m water
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depth) around Army Bay in order to test the
hypothesis that the principal production area of
the rhodoliths is located within the shallow
rocky subtidal zone or an offshore rhodolith bed
rather than within the highly dynamic intertidal
environment itself. To evaluate this hypothesis,
rhodoliths from all depositional settings were
quantitatively compared with regard to morphol-
ogy, internal composition, preservation state and
lithoclastic nuclei.

Morphometric analyses of rhodolith size,
weight, sphericity and shape were conducted to
evaluate hydrodynamic sorting processes and
potential transport pathways between the subti-
dal, intertidal and supratidal zones. In particu-
lar, the occurrence of smaller and lighter
rhodoliths within the supratidal settings was
analysed to test whether selective landward
transport affects rhodolith distribution across
the coastal profile. The supratidal accumulations
furthermore consist predominantly of dead and
bleached rhodoliths, suggesting terminal deposi-
tional environments rather than active growth
settings.

To test whether rhodoliths from the different
environments represent separate in situ popula-
tions or instead belong to a single interconnected
transport system, internal rhodolith composi-
tions were quantitatively analysed via
micro-computed tomography (pCT). These ana-
lyses focused on the relative abundance of skele-
tal contributors and bioerosional structures
within the rhodolith matrix. Comparable internal
compositions across all investigated settings
would support repeated redistribution of the
same rhodolith population rather than indepen-
dent local formation. Likewise, petrographic ana-
lyses of lithoclastic rhodolith nuclei were carried
out to determine whether rhodolith nuclei from
the different depositional environments share a
common geological source related to the adjacent
Miocene flysch deposits exposed at Army Bay.

In addition, wave stress and prevailing wave
directions were analysed to evaluate whether
modern hydrodynamic conditions are capable
of driving the proposed onshore-directed rho-
dolith transport from the rocky shallow subti-
dal zone into intertidal channels and
supratidal beach deposits. Offshore subtidal
areas around Army Bay and Tiritiri Matangi
Island were furthermore surveyed regarding
the occurrence of rhodolith beds sensu stricto
and their possible connection to the nearshore
rhodolith system.
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The combined results are used to establish an
updated sedimentological model for the forma-
tion, transport and redistribution of shallow-water
rhodoliths within a spatially restricted but highly
dynamic coastal environment.

STUDY SITE

The working area (36°35.92'S, 174°48.91'E) is
located in Army Bay, on the northern coast of
the Whangaparaoa Peninsula and around Tiritiri
Matangi Island, North Island of New Zealand
(Fig. 1A to C). The Whangaparaoa Peninsula is
an east-west-oriented headland extending for
about 12km into the western Hauraki Gulf,
north of Auckland. The Hauraki Gulf is shel-
tered from the Southern Ocean, but storm events
are known to produce significant wave stress
(Gorman et al., 2003). The tidal ranges in the
Hauraki Gulf show large local variation: the
mean tidal range at Army Bay is 2.18 m (Walters
et al., 2001).

The studied transitional area lies between the
intertidal zone and open sea, paralleling the
coastline for about 300 m and is about 100 m in
width (Fig. 1D). The geology of the study area
is characterised by deformed turbidites and
syn-sedimentary slides of the tectonically active
Waitemata Basin (Sporli & Rowland, 2007). At
Army Bay, the coastal cliff of the peninsula is
fronted by a marine abrasion platform which
cuts on the deformed Miocene flysch deposits
(Fig. 1E), mainly consisting of turbidites and
volcanoclastic grit (Ballance, 1974; Sporli &
Rowland, 2007; Basso et al., 2009). This plat-
form is dissected by numerous channels 0.5 to
2 m in width, which connect several tidal pools
up to 10m in diameter. These structures carve
into the thick volcanoclastic debris flows, the
so-called Parnell Grit beds, within the bedded
flysch of the Waitemata Group (Allen, 2004;
Nalin et al., 2008). The pools and channels cov-
ered by 30 to 50cm of seawater at low tide
(Fig. 1F and G) have been identified before as
the potential production site of rhodoliths by
Nalin et al. (2008). The channelled flysch
deposits continue in the subtidal areas, step-
wise progressing to about 5m water depth
(Fig. 1H) and further work by Basso et al.
(2009) already indicated the shallow subtidal
zone as potential main site of production,
with survival occurring also in the intertidal
channels.
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Fig.1. Working area and site description. (A) Map of New Zealand, working area is located on the North Island;
area in the rectangle shown in B. (B) Schematic map of the Hauraki Gulf; area in the rectangle shown in C. (C)
Schematic map of the Whangaparaoa Peninsula and Tiritiri Matangi Island; numbered black dots indicate posi-
tions of scuba dive sampling spots (see also Table 1); area in the rectangle shown in D. (D) Satellite image (cour-
tesy of Google Inc.) of Army Bay; numbered white dots indicate snorkelling and hand collection sampling spots
(see also Table 1). (E) Section of the coastal cliff at Army Bay, featuring Miocene flysch deposits mainly consisting
of turbidites and volcanoclastic grit. (F) Tidal pools at Army Bay with 30 to 50 cm water depth during low tide
with living rhodoliths inside. (G) Typical channel (white arrow) arising from the flysch deposits, containing living
rhodoliths. (H) Channelled flysch deposits continuing in the subtidal areas, stepwise progressing to about 5m
water depth and identified as the actual main areas of rhodolith formation.

© 2026 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology

95UB01 SUOLULLOD dAIIe1D) 3[cfedt [dde U Aq paueA0b 8.2 SaoiLe YO ‘SN J0 S3INJ 10} ARIq1T 8UIIUO A1 UO (SUO I IPUOO-PUR-SLLIBY WD A3 1M A1 1[BuUO//:SdNY) SUONIPUOD pUe S L 8U1 89S *[9202/80/r2] Uo AfiqiTauliuo A8]im ‘BiequinN-usbue|i3 JO TISIPAIUN Bpuexs|v-4oLpalid Ad ErT0L PeS/TTTT OT/I0P/W0d A8 | AeIq1jpuljuo//SAny WOy pepeojumod ‘0 ‘T60ESIET



METHODS

Site descriptions and rhodolith collection

Rhodoliths were collected on March 22 and 23 in
2023. All collected specimens were deposited at
GeoZentrum Nordbayern, Friedrich-Alexander-
Universitdt  Erlangen-Niirnberg (FAU). The
rhodolith-bearing tidal pools were accessible dur-
ing low tide and live rhodoliths were collected
by hand (sites 1 to 3). Dead, bleached rhodolith
specimens were also collected from the suprati-
dal rocky and sandy shore areas. The subtidal
areas up to 5m water depth at Army Bay were
inspected and rhodoliths were collected by
snorkelling (sites 4 to 5). Underwater video foot-
age and photography were conducted using a
Sony Digital Single-Lens Reflex (DSLR) camera
in a waterproof housing. Deeper offshore waters
around Army Bay were examined by scuba div-
ing (sites 6 to 9) from a small research vessel
and rhodolith specimens were collected by
hand. All site categories and the relevant sam-
pling data are summarised in Table 1. Using
photograph and video data as well as the per-
sonal observations from the collectors, the sites
are described including substrate availability for
potential rhodolith formation.

Not all rhodoliths need a bed 5

Morphological and anatomical description of
rhodoliths

Rhodoliths collected for this study include both
rhodoliths sensu stricto, where the CCA skeleton
makes up >50% of the whole structure (Ste-
neck, 1986) as well as CCA-coated grains (Tei-
chert, 2024). Altogether 103 rhodoliths were
collected, 74 of which were alive upon sampling
as they were pink-coloured at least on a portion
of their surface. The dead and bleached speci-
mens derived completely from the sandy and
rocky supratidal collections. After collection,
rhodoliths were air-dried for 7 days, stored in
sealed plastic bags and sent to FAU
Erlangen-Niirnberg for further analysis.

To compare the dimensional characteristics of
rhodoliths from all sampling sites in order to
allow for conclusions on potential interconnec-
tions between these sites, the specimens’ long
(L), intermediate (I) and short (S) axes were mea-
sured. For visual comparison, results were plot-
ted into a pebble-shape diagram according to
Sneed & Folk (1958) using Triplot (Graham &
Midgley, 2000).

Rhodolith sphericity was analysed by apply-
ing the maximum projection sphericity equa-
tion:

Table1. Information on rhodolith sampling sites, sorted from supratidal to deep waters.

Site Site Collection Rhodoliths Lat. S Long. E  Water
number  Site name category method collected [n] [DD] [DD] depth [m]
1 Army Bay Beach Hand 9 —36.601 174.813 0
supratidal collection
2 Army Bay Rocky Hand 19 —36.599 174.816 0
supratidal collection
3 Army Bay Rocky Hand 18 —36.598 174.816 0.1
intertidal collection
4 Army Bay Sandy Snorkelling 9 —36.600 174.813 1.5
subtidal
5 Army Bay Rocky Snorkelling 33 —36.599 174.813 1.0 to 5.0
subtidal
6 Wellington Sandy Scuba diving 8 —36.584 174.823 11.6
Rocks subtidal
7 Whangaparaoa Sandy Scuba diving 5 —36.590 174.876 13.7
Passage subtidal
8 Bollons Rock Sandy Scuba diving 1 —36.591 174.877 15.8
subtidal
9 Tiritiri Matangi  Sandy Scuba diving 1 —36.610 174.891 16.6
Island subtidal
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L2
Sphericity = | % (1)

as described in Sneed & Folk (1958). Rhodolith
size was estimated by calculating the volume of
an ellipsoid via the equation:

Volume = 4 /g (2)
4r

as described in Bosence (1976). Rhodolith
weight was measured via a precision balance.

Specifying the collection sites 1 to 9 as
groups, non-parametric (not all data were nor-
mally distributed) one-way PerMANOVA (per-
mutational multivariate analysis of variance)
with a Bray-Curtis similarity index and 10000
permutations was used to account for significant
differences between sites, accounting for varia-
tions in rhodolith sphericity, size and weight.
Pairwise comparisons (post hoc) were corrected
via sequential Bonferroni significance. Results
were also visualised by combined jitter- and
boxplots.

For the description of specimen morphology
and anatomy, rhodoliths were photographed
with a Nikon DSLR camera at various magnifica-
tions and analysed via optical and scanning
electron microscopy (SEM). For optical micros-
copy, rhodoliths were embedded in resin, cut
with a water-cooled, low-speed rock diamond
saw and ground the surface on water-cooled dia-
mond plates with 120, 240, 400 and 800 grit.
Surfaces were then mounted to glass plates and
thinned to 30 microns. Thin sections were then
analysed with transmitted light with a Zeiss
Axio Imager.M2m and Axio Zoom.V16 via the
Zeiss ZEN software. For SEM, specimens were
split with a bench vice and mounted on alumin-
ium stubs using wood glue and sputter coated
with gold under argon gas for 6 min using 2-min
intervals with 30-s breaks at 40mA and
10000V. Samples were then examined with a
Tescan Vega 2 xmu SEM at 25 kV.

Interior rhodolith composition analysis via
pCT

As the study hypothesises that the main area of
rhodolith production is the rocky subtidal zone
of Army Bay (site number 5), the inner composi-
tions of 10 rhodoliths were compared, two from
the sandy subtidal zone (site 4, samples NZ-166,
NZ-174), three from the rocky subtidal zone (site

5, samples NZ-106, NZ-109, NZ-126) and five
from the beach supratidal zone (site 1, samples
NZ-175, NZ-176, NZ-179, NZ-181, NZ-183). For
this analysis, virtual cross-sections of rhodoliths
from each site were generated using
micro-computed X-ray tomography (pCT). This
advanced imaging technique enabled the
non-destructive analysis of rhodoliths while
allowing for the creation of an unlimited num-
ber of cross-sections in various orientations. The
ability to obtain multiple virtual cross-sections
provided a comprehensive and detailed visuali-
sation of each rhodolith’s internal structure.
Scanning was performed using a General Elec-
tric (GE)/Phoenix vitomelx S 240 (GE/Phoenix,
Wunstorf, Germany) micro-CT scanner. To
reduce beam hardening effects, a 0.5-mm copper
filter was applied during the scanning process.
Scanning parameters, including voltage, current,
field-object distance (FOD), voxel size and
field-detector distance (FDD), were optimised
for each sample manually. Data reconstruction
was performed using the Feldkamp algorithm,
implemented via the GE/Phoenix software datos
4 (GE/Phoenix, Wunstorf, Germany). Post-
processing was carried out using VolumeGraphics
software, which facilitated the generation of thin
sections and the virtual segmentation of each
sample into vertical cross-sections for further
analysis. This approach yielded high-resolution
images of the rhodoliths’ internal structures,
enabling detailed examination of their composi-
tion and morphological features. The taxonomic
groups of the calcareous matrix that could be
identified according to their distinct skeletal
structures (Fliigel, 2010; Pyko et al., 2025) within
the virtual cross-sections were CCA, bryozoans,
balanids, geniculate coralline algae, serpulids
and boring bivalves. Moreover, it was possible to
identify bioerosional features based on their
shape and size. To estimate quantitatively if the
inner rhodolith compositions from the various
sites differ significantly, the point-counting
method was employed, using approximately 300
points per rhodolith sample and the categories
(i) crustose coralline algae (CCA), (ii) bryozoans,
(iii) balanids, (iv) bioerosion, (v) serpulids and
(vi) boring bivalves. A grid step size of 2mm
was determined by the smallest rhodolith to
ensure the counts of 300 points. One complete
rhodolith represented a single sample and to
achieve enough points, a varying number of
cross-sections per rhodolith, according to its size,
was counted. The number of cross-sections
counted has no impact on the results, if the
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distance between the points is the same. Specify-
ing the collection sites as groups, a one-way Per-
MANOVA with a Bray-Curtis similarity index
and 10 000 permutations was used to account for
significant differences between sites. Results were
also visualised by stacked bar plots.

Petrographic analysis of lithoclastic rhodolith
nuclei

As an additional method to test the hypothesis
that the main area of rhodolith production is the
rocky subtidal zone of Army Bay (site number
5), the petrographic features of rhodolith nuclei
from three different sites (sandy subtidal of Wel-
lington Rocks, site 6, sample number NZ-154;
sandy subtidal of Army Bay, site 4, sample num-
ber NZ-171; rocky supratidal of Army Bay, site
2, sample number NZ-192) were compared with
the petrographic features of two lithoclasts (sam-
ples NZ-Lith-1 and NZ-Lith-2) collected from
the coastal cliffs featuring the deformed Miocene
flysch deposits that are characteristic for this
area.

For petrographic analysis via optical micros-
copy, thin sections were prepared as described
above. Thin sections were then analysed with
transmitted light with a Zeiss Axio Imager.M2m
and Axio Zoom.V16 via the Zeiss ZEN software.
To estimate quantitatively if the petrographic
features of rhodolith nuclei and lithoclasts differ
significantly, the point-counting method was
employed based on the cell model method as
described by Demirmen (1971). Regarding cell
size, squares of 2mm edge length were chosen
and a 0.1-mm grid spacing was used. As compo-
nent categories, quartz, feldspar, cement, bio-
clast, silt, volcanic ash and ‘unspecified’ were
used. Specifying rhodolith nuclei as group 1
and lithoclasts as group 2, a one-way PerMA-
NOVA with a Bray-Curtis similarity index and
10 000 permutations was used to account for sig-
nificant differences between sites. Results were
also visualised by stacked bar plots. Moreover,
the sedimentological features in the thin sec-
tions were analysed to account for between sam-
ple similarities.

Estimation of wave stress

For the estimation of wave stress in Army Bay
to evaluate its role in potential rhodolith trans-
port, the ERA5 dataset (Hersbach et al., 2020)
was used on a monthly resolution over a time
interval of 30years (1994 to 2023). Data were

Not all rhodoliths need a bed 7

interpolated for —36.59°N, 174.8°E and the fol-
lowing variables were used to produce an over-
view on the wave regime prevailing in Army
Bay: ‘10 m wind speed’, ‘10 m neutral wind
speed’, ‘ocean surface stress equivalent 10 m
neutral wind speed’, ‘mean wave direction’, ‘sig-
nificant height of wind waves’ and ‘significant
height of combined waves and swell’. Wave data
have a spatial resolution of 0.65°, atmospheric
data have a spatial resolution of 0.25°.

RESULTS

Site descriptions and rhodolith occurrences

Altogether, rhodoliths from nine different sites
around Army Bay and Tiritiri Matangi Island
were collected (Table 1; Fig. 1C and D). Site 1
was a supratidal, flat beach area and featured
only bleached, dead rhodoliths which were
washed ashore. Site 2 was a rocky supratidal
area with abraded but still visible channel struc-
tures in which bleached, dead rhodoliths accu-
mulated. Site 3 was the intertidal area that has
been described by Nalin et al. (2008) as the pref-
erential growth zones of the rhodoliths. Rhodo-
liths were present in the pools and channels
predetermined by the geological structures. The
rhodoliths were half buried in a poorly sorted,
sandy to pebbly sediment, rich in bioclastic
debris and abraded mollusc shells. Most of these
rhodoliths were alive, but bleached, dead speci-
mens occurred as well. Site 4 was characterised
as a sandy subtidal site fronting the beach area
of Army Bay. Living rhodoliths occurred, but
were less common than in the rocky intertidal
zone of site 3. Most rhodoliths were collected at
site 5, the rocky subtidal areas at Army Bay.
This site can be considered as an underwater
continuation of the channels at site 3. However,
the channels were less abraded in this area, thus
resembling the spur and groove formations of
many coral reefs (Rogers et al., 2015). The spurs
were colonised by thick accumulations of brown
algae and the rocky walls of the spurs were
sometimes encrusted by CCA (Fig. 2A). The
grooves function as sediment traps, contained
sediments were sand to cobble sized and rich in
abraded and bioeroded bioclasts as well as accu-
mulations of living and dead rhodoliths, which
sometimes were half covered by sediments
(Fig. 2B and C). The areas offshore Army Bay
(site 6) and around Tiritiri Matangi Island (sites
7 to 9) were mainly characterised by flat sand
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8 S. Teichert et al.

Fig. 2. Subtidal rhodolith collection sites at Army Bay. (A) Spur structure of the rocky subtidal zones at site 5,
tops were densely colonised with fleshy brown algae (kelp Ecklonia radiata, black arrow); exposed rocky areas
were partly covered with encrusting CCA (white arrow). (B) Groove structure of the rocky subtidal zones at site 5
that acts as a sediment trap, including several rhodoliths (white arrows). (C) Close-up of the sediment in the
groove structures at site 5, including living (red) and dead (bleached) rhodoliths; the sediment was rich in bio-
clasts, many of them strongly abraded and/or bioeroded. (D) Boulder accumulation on sandy subtidal substrate at
site 6 offshore Army Bay, having a similar ecological function as the spur structures at site 5. The tops were
densely colonised with fleshy brown algae (kelp Ecklonia radiata, black arrow) and the exposed rocky areas were
partly covered by CCA (white arrow); rhodoliths occurred rarely.

accumulations that lacked rhodolith occur- Rhodolith morphology
rences. Rhodoliths only appeared around larger
rock accumulations, especially at sites 6 and 7.
Site 6 was especially characterised by the exis-
tence of large boulder structures, which were
densely colonised by brown algae and encrust-
ing CCA under the canopy (Fig. 2D).

Sphericities for the five Army Bay sites were very
similar, while sizes and weights for the rocky
supratidal rhodoliths (site 2) were much lower
than for the rest (Fig. 3A). Rhodolith sphericity
for offshore Army Bay site 6 clearly differed from

Fig. 3. Summary of rhodolith morphologies from all sites. (A) Combined box and jitter plots for distribution of
rhodolith sphericities, sizes and weights at all sites except for sites 8 and 9, which have only one measurement
each. Note that rhodoliths from site 2 (rocky supratidal) were smaller and lighter than for the other sites. (B) Rho-
dolith shape distributions for each site are visualised by pebble shape diagrams according to Sneed & Folk (1958),
indicating that while all Army Bay sites mainly featured compact rhodoliths, the shape distribution for the sam-
ples from sites 6 and 7 was much broader; the explanatory power for sites 8 and 9 was negligible because only
one rhodolith was sampled at each site. Grey lines with values 0.2 to 0.9 represent maximum projection sphericity
isolines, I, intermediate rhodolith axis; L, long rhodolith axis; S, short rhodolith axis.
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the nearshore Army Bay sites. The Tiritiri
Matangi Island sites (7 to 9), must be interpreted
conservatively, because sample sizes were low
due to the rare rhodolith occurrences. Rhodolith
shape distributions for each site were visualised
by pebble shape diagrams according to Sneed &
Folk (1958), indicating that while all Army Bay
sites mainly featured compact rhodoliths, the
shape distribution for offshore Army Bay and
around Tiritiri Matangi Island was much broader
(Fig. 3B). Putting all shape parameters in context,
the PerMANOVA indicates significant differ-
ences between sites (F=12.4, P < 0.0001) consid-
ering rhodolith axis lengths, sphericity, size and
weight. Pairwise site comparisons (post hoc) cor-
rected via sequential Bonferroni significance
indicate that site 2 (rocky supratidal of Army
Bay) differed significantly from the other sites
Army Bay sites as well as from the sandy subti-
dal zone at Wellington Rocks (Table 2).

Rhodolith description and taxonomy

Molecular analyses were not conducted for all
102 specimens in the present study. However,
previous DNA-based taxonomic work on New
Zealand Sporolithon rhodoliths demonstrated
that specimens formerly assigned to S. durum
correspond to Sporolithon nodosum Farr & W.A.
Nelson an endemic New Zealand species (Gab-
rielson et al, 2023). In addition, previously
sequenced rhodoliths from the Whangaparaoa
area have consistently been assigned to this
species (pers. comm. Wendy Nelson). Species

identification in the present study was therefore
based on diagnostic morpho-anatomical charac-
ters in combination with this existing molecular
taxonomic framework. All collected rhodoliths
were monospecific, consisting of the CCA
S. nodosum, with a monomerous construction,
flared epithallial cells and common cell fusions
and secondary pit connections (Fig. 4A and B).
Calcified compartments containing tetrasporan-
gia were arranged in irregular shaped, raised
sori (Fig. 4C). Most of the collected Sporolithon-
rhodoliths were nucleated with the nuclei con-
sisting of lithoclasts (see below for a detailed
petrographic description). While the majority of
the collected samples were rhodoliths sensu
stricto, that is, the CCA skeleton contributes
>50% to the overall volume of the structure,
several specimens can be regarded as CCA-
coated grains, where only a thin layer of CCA
encrusts a nucleus. However, this differentiation
does not affect the hypotheses of this study. The
rhodoliths show a compact internal structure,
mostly laminar concentric around the nucleus,
turning into fruticose towards the surface
(Fig. 4D). Many of the rhodoliths show alter-
ations in the form of bioerosion (Fig. 4E) and
abraded tips of the branches (Fig. 4F), which
indicates a regular exposure to hydrodynamic
stress (Basso et al.,, 2009). Recolonisation of
abraded CCA surfaces with individuals of the
same species was a common feature in the sam-
pling area and the resulting growth interruptions
are clearly evident macro- and microscopically
(Fig. 4G to I).

Table 2. Pairwise site comparisons (post hoc) corrected via sequential Bonferroni significance accounting for var-
iations in rhodolith axis lengths, sphericity, size and weight. Differences are considered significant for P <0.05,
also indicated by green cells. Note that sample numbers for sites 7 to 8 are very low.

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9
Site 1 0.0001 0.2597 0.3217 0.0191 0.1217 0.1398 0.7974 0.096
Site 2 0.0001 0.0001 0.0002 0.0001 0.0005 0.0508 0.1002 0.0472
Site 3 0.2597 0.0001 0.981 0.3328 0.2105 0.0736 0.8957 0.0558
Site 4 0.3217 0.0002 0.981 0.4606 0.3615 0.1468 1 0.1093
Site 5 0.0191 0.0001 0.3328 0.4606 0.1458 0.0053 0.6736 0.0299
Site 6 0.1217 0.0005 0.2105 0.3615 0.1458 0.1475 0.7826 0.1103
Site 7 0.1398 0.0508 0.0736 0.1468 0.0053 0.1475 0.8344 0.1692
Site 8 0.7974 0.1002 0.8957 1 0.6736 0.7826 0.8344 1
Site 9 0.096 0.0472 0.0558 0.1093 0.0299 0.1103 0.1692 1
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Fig.4. Morphology and anatomy of Sporolithon nodosum rhodoliths; NZ-numbers in brackets indicate sample
numbers of individual rhodoliths. (A) Cell fusions (white arrows) (NZ-122). (B) Primary pit connections (white
arrow) and secondary pit connections (black arrow) (NZ-122). (C) Irregular shaped, raised sori (NZ-122). (D) Rho-
dolith (NZ-122) with compact internal structure, mostly laminar concentric around the nucleus, turning into fruti-
cose towards the surface. (E) Dead, bleached rhodolith (NZ-183) with intense bioerosion visible at broken-off
branches. (F) Rhodolith (NZ-132) with abraded branch tips (white arrows) as evidence for frequent movement. (G)
Growth interruption visible as dark-coloured rims (white arrows) at broken-off branches (NZ-148). (H) Several gen-
erations of growth interruptions (white arrows) visible in a thin section, note the heavily eroded surfaces that are
re-colonised by new individuals of S. nodosum (NZ-171). (I) SEM image of a growth interruption (white arrow),
with heavily abraded old cells in the lower right and initial cells of a new thallus growing towards the upper left
(NZ-122).
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Interior rhodolith composition analysis via
nCT

Proportional interior compositions of the rhodo-
liths from the sandy subtidal (site 4, samples
NZ-166, NZ-174), the rocky subtidal (site 5, sam-
ples NZ-106, NZ-109, NZ-126) and the beach
supratidal (site 1, samples NZ-175, NZ-176, NZ-
179, NZ-181, NZ-183) are visualised in Fig. 5A,
indicating a similar distribution of the different
organisms that built the skeletal matrix of the
rhodoliths. This is confirmed by the PerMA-
NOVA, which indicates no significant difference
between samples from all sites (F=0.4949,
P=0.7494). Exemplary pCT reconstructions
showing specific organismal groups contributing
to the overall rhodolith structure are depicted in
Fig. 5B to G.

Petrographic analysis of lithoclastic rhodolith
nuclei

Petrographic analysis revealed that both the
rhodolith nuclei and the lithoclasts consisted of
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the volcanoclastic grit of the deformed Miocene
flysch deposits prevailing at Army Bay. This
material is characterised as a well-sorted,
medium-grained sandstone rich in quartz. Pro-
portional lithologic contents of the three rhodo-
lith nuclei (NZ-154; NZ-171; NZ-192) and the
two lithoclasts (NZ-Lith-1 and NZ-Lith-2) are
visualised in Fig. 6A, indicating a similar distri-
bution of the different components. The PerMA-
NOVA indicates no significant difference
between samples from both groups (F=2.414,
P=0.0693), and characteristic lamination pat-
terns are visible in all samples (Fig. 6B), making
it very likely that rhodolith nuclei at and around
Whangaparaoa derive from the adjacent cliffs at
Army Bay.

Estimation of wave stress

Waves around Army Bay source mainly from the
northern parts of the Hauraki Gulf, from the
north-west in summer, autumn and early winter
and from the north-east in late winter and

Fig. 5. Results of the rhodolith composition analysis via pCT. (A) Proportional composition of rhodolith builders
and bioerosion from the sandy subtidal (site 4, samples NZ-166, NZ-174), the rocky subtidal (site 5, samples NZ-
106, NZ-109, NZ-126) and the beach supratidal (site 1, samples NZ-175, NZ-176, NZ-179, NZ-181, NZ-183), indicat-
ing a similar distribution of the different groups; note adjustment of proportion axis for improved interpretability.
(B) Crustose coralline algae (CCA). (C) Bryozoans. (D) Balanids. (E) Bioerosion. (F) Serpulids. (G) Boring bivalve.
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Fig. 6. Petrographic analysis of lithoclastic rhodolith nuclei. (A) Proportional lithologic contents of the three rho-
dolith nuclei (154; 171; NZ-192) and the two lithoclasts (NZ-Lith-1 and NZ-Lith-2), indicating a similar distribu-
tion of the different components. (B) Comparison of lithoclast NZ-Lith-1 and the CCA-coated grain NZ-192 (black
arrow marks CCA coating) with the characteristic lamination patterns (white arrows) visible in both samples.

spring (Fig. 7A to C). Wave stress in Army Bay
centres around late autumn to late winter, both
with regard to ocean surface stress equivalent
10 m neutral wind speed and significant height
of wind waves (Fig. 7D and E). Covering both
main wave directions, the strong autumn and
winter waves imply potential rhodolith trans-
port directions from the sandy and rocky subti-
dal sites (sites 4 and 5, respectively) to the
rocky intertidal of site 3 (the site described by
Nalin et al. (2008) and Basso et al. (2009)) as
well as to both supratidal sites (sites 1 and 2).

DISCUSSION

Rethinking rhodolith formation beyond
classical bed models

Rhodoliths have long been associated with the
development of laterally continuous, dense
accumulations known as rhodolith beds, which
serve as important sedimentary features and eco-
logical habitats in marine carbonate systems
(Aguirre et al., 2017; Teichert, 2024). However,
there remains no universally accepted definition

of what constitutes a rhodolith bed, particularly
with respect to coverage thresholds, percentage
of live individuals or longevity of occupation
(Bulleri et al., 2025). In many systems, including
those in the Mediterranean, South Pacific and
South Atlantic, rhodolith beds are often inter-
preted as comparatively stable environments
characterised by limited rhodolith redistribution
and prolonged in situ growth (Bosence, 1983b;
Tuya et al., 2023), although rhodolith mobility
and sedimentation rates may vary substantially
between systems (Amado Filho et al., 2012;
Bracchi et al., 2022).

In contrast, the present findings from Army
Bay highlight a markedly different depositional
configuration characterised by localised rhodo-
lith growth, episodic redistribution and the
apparent absence of a laterally continuous rho-
dolith bed sensu Steller et al. (2003) but rather
form within confined rocky subtidal channels at
around 5m depth, where physical and biologi-
cal conditions favour their growth. These rhodo-
liths are then redistributed landward, driven by
storm-wave activity, into intertidal pools and
supratidal beach zones (Fig. 8). Shallow-water
rhodolith redistribution within tidal-channel
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Fig.7. Wave stress in the study area. (A) North-oriented overview on the complete study area, including the
Whangaparaoa Peninsula and Tiritiri Matangi Island; numbered black dots indicate positions of scuba dive sam-
pling spots (see also Table 1); area in the rectangle shown in D. (B) North-oriented satellite image (Courtesy of
Google Inc.) of Army Bay; numbered white dots indicate snorkelling and hand collection sampling spots (see also
Table 1). (C) Mean wave direction (source) over the course of the year, with two distinct main directions. (D)
Wave stress expressed as ocean surface stress equivalent 10 m neutral wind speed. (E) Wave stress expressed as
significant height of wind waves.
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Fig. 8. Sedimentological model for rhodolith formation and transport at Army Bay, illustrating the spatial and
dynamic relationships governing the formation, transport and deposition of S. nodosum rhodoliths in a shallow
coastal setting. Lithoclastic nuclei originate from erosion of Miocene flysch cliffs and are transported downslope
into the shallow rocky subtidal zone (~5m depth), where erosional spur-and-groove-like structures act as sedi-
ment traps and hardground surfaces for rhodolith initiation. These lithologically inherited channels resemble
coral reef spur-and-groove systems in function, with spurs colonised by macroalgae and crustose coralline algae,
and grooves accumulating mobile rhodoliths. Rhodoliths grow concentrically in these channels, forming compact
shapes. Living rhodoliths (red) are primarily found in these subtidal grooves, while dead, bleached specimens
(white) accumulate in intertidal pools and supratidal beach zones. Seasonal storm-wave activity mobilises rhodo-
liths shoreward, selectively transporting smaller individuals due to their lower mass and entrainment threshold.
Survival of offshore transport is limited due to the prevalence of mobile sandy substrates which cover transported
rhodoliths quickly. This model challenges the classical rhodolith bed paradigm by demonstrating localised rhodo-
lith genesis and episodic redistribution in the absence of extensive, laterally continuous accumulations.
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environments has previously been documented
by Bosellini & Ginsburg (1971), demonstrating
that episodic hydrodynamic transport can signif-
icantly influence rhodolith accumulation pat-
terns even over relatively small spatial scales.

This sedimentological and ecological dynamic
expands current interpretations of rhodolith
development, which have commonly empha-
sised stable and laterally extensive depositional
settings. Instead of forming only in large, contin-
uous beds under prolonged environmental sta-
bility, the results suggest that rhodolith
communities can also thrive within more
restricted, dynamic environments. In these nar-
row spatial corridors, rhodoliths maintain high
carbonate productivity, but without necessarily
developing into continuous, bed-like accumula-
tions. Although direct long-term hydrodynamic
monitoring was beyond the scope of this study,
multiple independent observations—including
rhodolith morphologies, abrasion patterns, redis-
tribution gradients, wave-stress estimates and
the distribution of living versus dead rhodoliths
—consistently support episodic transport pro-
cesses and fluctuating substrate conditions
within the study area.

These findings are consistent with interpreta-
tions of fossil rhodolith-bearing limestones
described by Nalin et al. (2008). In those
deposits, rhodoliths are associated with trans-
gressive systems, where rising sea levels created
conditions of repeated disturbance. Rather than
representing long-term, undisturbed growth, the
rhodoliths in these successions often record
repeated phases of transport, temporary burial,
interruption of growth, surface abrasion and
subsequent recolonisation. This pattern suggests
that rhodolith assemblages can be resilient to
environmental instability, repeatedly adapting to
new substrates after being displaced by waves,
currents or sediment influx.

Ultimately, the recognition that rhodolith sys-
tems can persist in such dynamic, corridor-like
settings broadens the understanding of their eco-
logical tolerance and depositional significance.
Similar interpretations have previously been
proposed for fossil rhodolith-bearing deposits
associated with transgressive systems and storm-
dominated shallow-marine environments (John-
son et al., 2011). The Army Bay system provides
a modern process-based example demonstrating
how localised rhodolith production, episodic
transport, growth interruption and repeated
recolonisation may interact within a spatially
restricted coastal setting. Consequently, fossil
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rhodolith assemblages may not always indicate
large, stable carbonate factories, but may instead
record episodes of environmental instability,
shoreline migration or marine transgression.

Rocky subtidal sites as rhodolith production
zones

Rhodolith formation is most prolific in the
rocky subtidal zone (site 5), where erosional
spur-and-groove-like channels carved into Mio-
cene flysch deposits (Ballance, 1974; Sporli &
Rowland, 2007) provide sheltered microhabitats
and abundant lithoclastic nuclei. These chan-
nels act as natural sediment traps, offering a
suitable environment for rhodolith accretion.
The rhodoliths exhibit laminar to fruticose
growth forms and signs of repeated abrasion
and recolonisation, such as broken tips and
internal growth interruptions, reflecting inter-
mittent disturbance and exposure (Bosence,
1983a; Schliiter et al., 2021). This environment
functions analogously to spur-and-groove coral
reef systems (Rogers et al., 2015), although it is
constructed purely from lithological architec-
ture. The combination of hard substrate, moder-
ate energy and sediment retention makes these
subtidal zones the preferential rhodolith accu-
mulation and growth environments of the
system.

Transport and redistribution of rhodoliths:
An onshore-directed pathway

Sphericities for the five Army Bay sites were
very similar, while sizes and weights for the
rocky supratidal rhodoliths (site 2) were much
lower than for the rest (see also Fig. 3A), indi-
cating that only small and/or light (less dense)
rhodoliths are washed to the highest areas. Sea-
sonal storm-wave activity, primarily during late
autumn to winter (Fig. 7) appears to transport
rhodoliths from subtidal channels landward into
intertidal pools (site 3) and supratidal settings
(sites 1 and 2). The hypothesis of an onshore-
directed transport is supported by (1) decreasing
rhodolith size and weight in supratidal areas,
suggesting hydrodynamic sorting in which smal-
ler and lighter rhodoliths are preferentially
transported landward into supratidal deposi-
tional settings; (2) the presence of bleached,
abraded rhodoliths in beach deposits; (3) mor-
phological and compositional consistency across
subtidal, intertidal and supratidal samples, sup-
porting repeated redistribution within a
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connected rhodolith system rather than the exis-
tence of distinct local populations. The observa-
tions of rhodolith redistribution at Army Bay
parallel patterns described by Johnson et al
(2011) from the Middle Miocene of Madeira,
where storm events were likewise identified as
the primary driver of onshore rhodolith trans-
port. In both cases, high-energy wave activity
was capable of dislodging and mobilising rhodo-
liths from their production sites, moving them
into more landward settings. At Ilhéu de Cima,
hurricanes generated obrution deposits up to
several meters thick, immobilising rhodoliths
against volcanic topography. In contrast, at
Army Bay, storms drive recurrent but small-
scale transport from rocky subtidal channels
into intertidal and supratidal zones, without
producing laterally continuous, thick rhodolith
beds. This difference likely reflects the restricted
spatial extent of rhodolith production at Army
Bay and the absence of an extensive offshore
rhodolith accumulation that could supply large
volumes of material for thick, laterally continu-
ous storm deposits comparable to those
described by Johnson et al. (2011).

Rhodoliths do not appear to be transported
offshore into deeper waters (sites 6 to 9) in large
numbers. Instead, rhodoliths found at these sites
are sparse, thinly encrusted and show minimal
signs of abrasion, indicating local, low-energy
formation. This suggests that these offshore rho-
doliths grow locally on isolated pebbles and
cobbles within predominantly mobile sandy
environments. Although offshore areas are like-
wise affected by storm activity, the extensive
unconsolidated sand accumulations likely
inhibit sustained rhodolith redistribution and
preservation, because transported rhodoliths
may rapidly become buried within the mobile
sediment. In contrast, the nearshore Army Bay
system contains rocky channel structures that
facilitate repeated short-distance transport, trap-
ping and reworking of rhodoliths within a spa-
tially connected coastal corridor.

Lithoclastic provenance and local accretion

The nuclei of the S. nodosum rhodoliths from
Army Bay are almost exclusively composed of
well-sorted, volcaniclastic grit, petrographically
indistinguishable from the Miocene flysch
deposits exposed in the nearby coastal cliffs
(Allen, 2004). The predominance of volcanoclas-
tic grit nuclei throughout the investigated depo-
sitional settings supports the interpretation of a

shared local lithoclastic source for the rhodolith
system. This compositional match strongly sup-
ports a local, autochthonous origin of rhodolith
nuclei and reinforces the conclusion that rhodo-
lith formation is tied to the immediate geological
setting.

This sedimentological linkage is significant for
two reasons. Firstly, it implies that coastal ero-
sion and cliff retreat directly drive rhodolith for-
mation, supplying fresh lithoclasts that serve as
primary hardground substrates. This tight cou-
pling between terrestrial and shallow-marine
sedimentary processes enhances the understand-
ing of how dynamic coastal margins—particu-
larly those in tectonically active regions like the
Waitemata Basin (Sporli & Rowland, 2007)—can
act as sources of carbonate sediment production
via biogenic overgrowth of an originally silici-
clastic setting. Second, the pCT analyses reveal
that the internal composition of the rhodoliths—
across all depositional settings—remains remark-
ably uniform. Biogenic constituents such as
bryozoans, boring bivalves, serpulids and bala-
nids are common and interspersed with CCA
layers, regardless of whether the rhodoliths were
collected from beach, intertidal or subtidal set-
tings. This internal consistency, along with the
absence of compositional gradients, suggests a
relatively short turnover time between growth,
transport and deposition. This supports the
interpretation that rhodolith growth, transport
and deposition within the Army Bay system are
spatially interconnected, with many rhodoliths
residing only briefly outside the preferential
shallow subtidal growth environments before
final burial or bleaching.

Palaeoecologically, the inclusion of encrusters
and borers points to the role of rhodoliths as
mobile microhabitats, even in high-energy sys-
tems. The rhodoliths host diverse associated cal-
cifying, endolithic and bioeroding assemblages,
consistent with the structurally complex habitats
commonly described from rhodolith systems
worldwide. Rhodolith beds are widely recog-
nised as  biodiversity-supporting  habitats
because their three-dimensional structure pro-
motes habitat heterogeneity and provides ecolog-
ical niches for diverse associated epifaunal,
infaunal, endolithic, and cryptic communities
(Steller et al., 2003; Tuya et al., 2023; Straube
et al., 2024), indicating that habitat function can
persist even when the rhodoliths themselves are
transient. From a fossil record perspective, this
means that even scattered or reworked rhodo-
liths may preserve valuable biological and
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ecological signals if internal structures are
well-preserved (Basso et al., 1998; Coletti et al.,
2015). Thus, Army Bay provides an important
example of how localised lithoclastic supply,
biological encrustation and hydrodynamic trans-
port can interact to produce rhodoliths with
complex but traceable sedimentological and eco-
logical histories—all within a tightly constrained
coastal system.

Implications for fossil rhodolith facies and
shallow marine carbonate systems

This study presents a model where rhodolith
development and accumulation are spatially
decoupled, reflecting distinct environmental
controls. Nearshore rhodoliths originate in shal-
low rocky zones and are transported landward
during energetic events, while offshore rhodo-
liths form locally in calm, sand-dominated envi-
ronments, isolated from shoreline inputs.

Such a system holds important implications
for interpreting fossil rhodalgal facies. Mixed
rhodolith deposits—particularly those showing
variability in shape, abrasion and matrix compo-
sition—may represent composites of in situ and
allochthonous components. Fossil analogues
(Nalin et al., 2008; Aguirre et al., 2017) should
be evaluated with caution, particularly in geo-
logically active settings where sediment rework-
ing and localised rhodolith  production
dominate. By expanding the concept of rhodo-
lith accumulation beyond the classical ‘bed’
model, this study contributes to a more nuanced
understanding of carbonate production and sedi-
ment transport dynamics in temperate shallow-
marine systems, showing how rhodolith occur-
rence can be decoupled from the existence of a
traditional bed and is instead linked to highly
localised production zones and episodic trans-
port processes.
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