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stromatolites, while ecologically, microbialites may act as 
micro-refugia for modern metazoans and historically have 
performed a similar inferred role in past ecosystems.
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Grazing · Micro-refugia

Introduction

As the dominant lifeform in pre-Cambrian oceans (Riding 
2000, 2006) and as a consequence of their ability to trap 
sediment in excreted extrapolymeric substances (Frantz et al. 
2015; Reid et  al. 2000) and precipitate calcium carbonate 
(Riding 2012) during growth and metabolism, many benthic 
cyanobacterial mats have been preserved in extensive lay-
ered microbialite (stromatolite) deposits from 0.5 to 3.5 Bya 
(Grotzinger and Knoll 1999; Riding 2000). Their important 
role in the Earth’s history is exemplified by the increased 
levels of atmospheric oxygen realized in the Phanerozoic, 
which is attributed to the evolution of oxygenic photosynthe-
sis in cyanobacteria (Dismukes et al. 2001). However, aero-
bic respiration, which contributed towards enabling the evo-
lution and radiation of the metazoans during the Cambrian 
(Marshall 2006), corresponded with a further decline into 
the Neoproterozoic of stromatolite abundance and diversity 
(Riding 2000, 2006), which has not recovered since.

While the factors driving historical stromatolite decline 
have been debated (Riding 2000), both geological evidence 
(Mata and Bottjer 2012; Walter and Heys 1985) and com-
parisons with modern microbialite analogues (Feldmann and 
McKenzie 1998; Garrett 1970) suggest that metazoans have 
a negative effect on stromatolite formation through grazing 
and burrowing. This has also been experimentally demon-
strated, whereby estuarine cyanobacterial benthic mats form 

Abstract  Microbialites, bioaccretionary structures formed 
during the growth and metabolism of microorganisms 
(principally cyanobacteria) were the dominant lifeform in 
shallow late-Archean and Proterozoic oceans. During the 
Cambrian radiation of metazoan life, which began ~540 
Mya, microbialite abundance and diversity further declined 
following a peak in the Mesoproterozoic. Notwithstanding 
contention, grazing and bioturbation effects of metazoans 
have been hypothesized as the dominant driver of modern 
microbialite scarcity. However, this metazoan–microbial-
ite exclusion has not been fully explored in the few extant 
microbialites. Here we provide further evidence showing 
that living marine layered microbialites (stromatolites) 
coexist with a persistent assemblage of benthic macro-
invertebrates, as has previously been demonstrated in some 
thrombolitic (clotted) microbialites. Surprisingly, these 
metazoans have active habits, such as burrowing, which 
should be expected to disrupt the layered matrix. As other 
studies have shown, through a network of burrows, metazo-
ans can exploit local diurnal oxygen refugia within micro-
bialites as well as escape predation. Our results, therefore, 
add novel evidence in support of the hypotheses that geo-
logically, metazoans are not always incompatible with 
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stromatolitic layering if metazoans are excluded but revert 
to a homogenized, non-layered matrix when metazoans are 
present (Fenchel 1998). Consequently, most modern stroma-
tolites are restricted to marginal, harsh environments where 
metazoans are largely excluded (Grotzinger and Knoll 1999; 
Riding 2011), whereas in the presence of metazoans, throm-
bolites (clotted microbialites) rather than laminated stroma-
tolites may form (Feldmann and McKenzie 1998; Konishi 
et al. 2001; Planavsky and Ginsburg 2009; Walter and Heys 
1985). Recently-discovered peritidal stromatolites along the 
southern African coastline (Perissinotto et  al. 2014; Rish-
worth et al. 2016; Smith et al. 2011) were used in this study 
to further assess metazoan coexistence and lamination in 
comparison to other modern stromatolites (Edgcomb et  al. 
2014; Garcia-Pichel et al. 2004; Tarhan et al. 2013) in light 
of the ecologically and evolutionarily relevant metazoan–
stromatolite exclusion hypothesis (Garrett 1970; Mata and 
Bottjer 2012; Riding 2000; Walter and Heys 1985).

Materials and methods

Three sites were selected along the coastline near Port Eliz-
abeth, South Africa (Fig. 1): Cape Recife (34°02′42.13″S, 
25°34′07.50″E), Schoenmakerskop (34°02′28.23″S, 
25°32′18.60″E), and Seaview (34°01′03.16″S, 
25°21′56.48″E) (Perissinotto et  al. 2014; Rishworth et  al. 

2016). Each site is characterized by a freshwater inlet 
stream which flows into a ‘barrage’ tufa stromatolite pool 
or series of pools in the upper intertidal zone. Dominant 
mat-building microalgae include diatoms and cyanobacte-
ria (Rishworth et al. 2016), specifically genera such as Lyn-
gbya, Plectonema, Leptolyngbya and Schizothrix (Perissi-
notto et al. 2014). The stromatolites accrete at an optimal 
rate of 2.1–3.6 mm year−1, forming sequential primary and 
successional layers (Fig. 2a; Smith et al. 2005). 

Macrofaunal samples were collected using a stainless 
steel corer with an internal diameter of 1.7 cm. At each site, 
three samples were extracted from the upper 2  cm of the 
partially lithified stromatolite matrix from the main stro-
matolite barrage pool as well as from the lower elevation, 
seawards pool and upper elevation, freshwater inlet pool. 
Core samples ensured that all macrofauna directly associ-
ated with the stromatolite matrix were collected (Tarhan 
et al. 2013). All samples were preserved in 5 % formalde-
hyde buffered with seawater. The stromatolite matrix was 
carefully broken up on a 500 μm sieve, thereby extracting 
all macrofauna visually after staining with Phloxin-B. All 
specimens were visually identified to the lowest taxonomic 
level possible, using available local and international refer-
ence guides as well as in consultation with relevant taxo-
nomic experts. Samples were collected monthly from each 
of the three pools at each site during spring low tide from 
January to July 2014.

Fig. 1   Three sampling locations (A Cape Recife, B Schoenmakerskop, and C Seaview) along the South African coastline, with all 540 stroma-
tolite sites recorded thus far indicated by black dots From: Perissinotto et al. (2014)
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In addition, physico-chemical properties of the water 
in the lower, barrage, and upper stromatolite pools were 
recorded using a YSI 6600 multi-parameter meter (YSI 
Incorporated, Yellow Springs, OH, USA), the details of 
which are presented elsewhere (Rishworth et  al. 2016). 
These included temperature, salinity, and dissolved oxygen 
(mg L−1).

Results and discussion

Tufa stromatolites occurring in South Africa form at the 
interface of groundwater seepage and the ocean high-water 
mark (Perissinotto et al. 2014; Rishworth et al. 2016), con-
structing rimstone dams through the layered precipitation 
of inflowing calcium carbonate and the trapping of sedi-
ment (Smith et al. 2011, 2005). Within the clearly layered, 
growing stromatolite matrix (Fig. 2a), which has been pre-
served at the study sites in areas where freshwater inflow 
has ceased or the high-water mark shifted (Fig. 2b), a per-
sistent assemblage of benthic invertebrates (metazoans) 

was encountered (Table  1). This uncommon microbial-
ite–metazoan association has been documented in other 
ecosystems where, although in lower diversity compared 
to microbes (Allen et al. 2009), examples of extant micro-
bialites forming in the spectrum from fresh to hypersa-
line waters have been shown to support metazoan infauna 
(Table  2). Counterintuitively, the co-occurring metazoans 
in these clearly layered systems are not passive inhabitants 
of stromatolites but rather have active habits, such as graz-
ing and burrowing (Table 1), which might be expected to 
disrupt, homogenize and bioturbate (Fenchel 1998; Garrett 
1970; Pike et  al. 2001; Smith et  al. 2000) the microalgal 
mats, rather than form a layered substrate. Following the 
evolution of metazoans, this is indeed what disrupted and 
reduced the microbial mats which dominated pre-Cambrian 
oceans (Buatois et  al. 2014). However, active burrowing, 
specifically (Fig.  2c), is apparently not restrictive to stro-
matolite formation and layering in the presented example, 
with burrowing metazoans, such as oligochaetes and nereid 
polychaetes, regularly observed amongst the layered sub-
strate (Fig.  2d). Grazing has been inferred from known 

Fig. 2   Microstructure and 
metazoan activities within liv-
ing marine stromatolites from 
the Eastern Cape, South Africa. 
a Scanning electron micro-
scope (SEM) micrograph of an 
actively growing stromatolite 
indicating the climax layer with 
an arrow (Smith et al. 2011) 
between lithified cyanobacte-
rial filaments. Scale 500 μm. b 
Lithified, spent (non-growing) 
stromatolite section. Scale 1 cm. 
c Burrow network formed by 
metazoans within a grow-
ing stromatolite, indicated by 
arrows, dorsal view. Scale 
1 mm. d Examples of Naididae 
oligochaetes (Clitellata) fixed 
ventrally within the stromatolite 
matrix, as indicated by arrows, 
demonstrating the association 
of metazoans with microbialite 
lamination. Scale 1 mm
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invertebrate behaviors (Table 1), with trophic linkages and 
feeding ecology yet to be determined. In our study, meta-
zoans do not appear to be bioturbating the stromatolite 
into its clotted (thrombolite) form, despite in  situ obser-
vations of sediment-containing faecal pellets and debris 
adjacent to burrows. These results suggest that rather than 
being formed by metazoan activities which ‘remodel’ a 
layered matrix (Planavsky and Ginsburg 2009; Walter and 
Heys 1985), thrombolites are likely constructed by distinct 
microbial communities with different deposition- and sedi-
ment-trapping mechanisms (i.e. layering versus non-layer-
ing) compared to those which form stromatolites (Myshrall 
et al. 2010). Nonetheless, both fossil evidence and modern 
comparisons suggest a higher prevalence of thrombolite–
metazoan associations over stromatolite examples (Konishi 
et al. 2001; Walter and Heys 1985). Thus far, all mesofab-
ric types encountered at the South African sites are layered 
(stromatolitic), with another complementary study cur-
rently underway which would reveal any thrombolite mate-
rial if present. 

The stromatolite–metazoan relationship extends beyond 
the potential disruptive effect of grazers and burrowers. 
Higher oxygen concentrations within the microbialite-
forming photosynthetic microalgal mats (Des Marais 2003; 

Herman and Kump 2005) might have provided a micro-ref-
uge for early metazoans to escape the unfavourable, anoxic 
ambient conditions of the Ediacaran (Tarhan et  al. 2013). 
This is argued as a factor which drove the evolution of 
metazoan mobility, allowing animals to occupy the anoxic, 
food-rich benthos while moving between and extracting the 
metabolically beneficial oxygen being formed within the 
microbialites (Gingras et al. 2011). However, this hypoth-
esis is confounded by the anoxic conditions which would 
develop at night (Des Marais 2003; Mobberley et al. 2015) 
as well as the range of metabolic modes of microbialites, in 
addition to photoautotrophy (Ruvindy et  al. 2016). None-
theless, similar micro-refugia would be present within some 
modern stromatolites that support metazoans (Table  2), 
although not strictly assessed in terms of oxygen concen-
tration gradients in the current study, these being accessed 
through a network of burrows within the matrix (Fig. 2c). 
The micro-habitat characteristics of extant microbialites 
may, thereby, be providing localized respite for inverte-
brates from predation (Dinger et  al. 2006; Konishi et  al. 
2001) and harsh physical conditions, as well as offering an 
oxygen refuge (Des Marais 2003; Gingras et al. 2011; Her-
man and Kump 2005; Mobberley et al. 2015). For example, 
in the South African stromatolite pools during the warmer 

Table 1   Metazoans encountered within stromatolites along the South African coast

Abundance data (number of individuals per unit area) are presented as mean ± SD. Consistency corresponds to the proportion (%) of all samples 
(n = 63) containing the respective specimens. The parasitic Pyramidellidae family is as yet not classified into an Order

Habit codes: M mobile, B burrower, S sessile, G grazer, Pr predator, D detritivore, F filter-feeder, Pa parasite

Class Order n spp Identified families: species Mean abundance (n 
cm−2)

Consistency 
in cores %

Habit

Clitellata Haplotaxida 4 Naididae, Enchtraeidae 3.40 (±6.5) 71 B, D

Malacostraca Amphipoda 5 Orchestia rectipalma, Melita zeylanica, 
Americorophium triaenonyx, Bolttsia 
minuta, Grandidierella lutosa

3.26 (±4.2) 75 B, G, D

Tanaidacea 1 Tanaididae: cf. Sinelobus sp. 2.13 (±3.1) 61 B, D

Isopoda 4 Pseudosphaeroma barnardi, Cyathura 
estuaria, Amakusanthura africana, 
Ectias angusta

0.42 (±0.7) 44 M, B, G, D

Decapoda 1 Cyclograpsus punctatus 0.02 (±0.1) 3 M, D

Polychaeta Phyllodocida 2 Nereididae; Syllidae: Pionosyllis cf. 
ehlersiaeformia

1.16 (±1.2) 76 B, Pr

Sabellida 1 Amphicorina parvula 0.02 (±0.2) 2 S, F

Spionida 1 Boccardia pseudonatrix 0.02 (±0.2) 2 B, Pr

Gastropoda Littorinimorpha 3 Assiminea cf. capensis, Hydrobia knys-
naensis, Afrolittorina knysnaensis

0.41 (±2.0) 7 M, G

1 Pyramidellidae 0.01 (±0.1) 2 M, Pa

Insecta Diptera 7 Ceratopogonidae: Dasyhelea sp.; Chirono-
midae: Semiocladius sp.; Chironomidae; 
Tipulidae; cf. Empididae

0.40 (±0.8) 32 M (larvae), S 
(pupae), G

Chilopoda Geophilomorpha 1 Tuoba cf. poseidonis 0.01 (±0.1) 2 B, Pr

Ostracoda Pocopida 1 Physocypria capensis 0.01 (±0.1) 2 M, D

Arachnida Trombidiformes 1 cf. Hydrodromidae 0.01 (±0.1) 2 M, Pa
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months, anoxic events have been observed whereby a 
milky benthic layer with a distinctive hydrogen sulphide 
odor forms [oxygen concentrations as low as 0.24 mg L−1, 
compared to supersaturated levels of up to 37.0  mg L−1 
above the stromatolites (Perissinotto et al. 2014; Rishworth 
et al. 2016)], from which metazoans might use the adjacent 
stromatolite matrix as a temporary oxygen refuge during 
daylight hours. It is known from a variety of other extant 
microbialites that oxygen concentrations are elevated 
within the microalgal layer, compared to the surrounding 
media (Des Marais 2003; Gingras et al. 2011; Herman and 
Kump 2005; Mobberley et  al. 2015). Furthermore, on a 
geographical scale, the South African stromatolites appear 
to be functioning as unique ecological niches, supporting 
noteworthy species such as Tuoba cf. poseidonis, the first 
record of a halophilic centipede for the southern African 
region (Barber 2011), and Bolttsia minuta, an estuarine-
relict amphipod known originally only from a land-locked 
coastal lake (Griffiths 1976). The microbial community for 

some microbialites appear distinctive from adjacent waters 
(White III et al. 2016), however, it is unclear whether this 
holds true for any of the metazoans encountered in this 
analysis, of which the majority appear to be typical estua-
rine residents (Table 1).

In conclusion, the developing recognition, to which the 
current study adds further evidence, that stromatolites and 
metazoans are not always mutually exclusive, neither his-
torically (Riding 2006) nor currently (Table 2), is impor-
tant from an evolutionary perspective. Metazoans cer-
tainly contributed towards the decline of the microbialites 
(Buatois et al. 2014; Mata and Bottjer 2012), particularly 
the stromatolites, and their exclusion in modern habitats 
has enabled some microbialites to thrive (Eckman et  al. 
2008). However, the surprising coexistence of clearly 
layered stromatolites with active burrowing and grazing 
metazoans (Fig. 2d; Table 1) highlights the complexity of 
this relationship (Garcia-Pichel et  al. 2004; Tarhan et  al. 
2013), suggesting that other environmental factors, such 

Table 2   Metazoans coexisting with extant microbialites

Dominant metazoans are listed according to decreasing order of abundance as observed in the literature. Microbialite mesofabric is classified as 
stromatolite (layered) or thrombolite (clotted)

Location Habitat Microbialite Dominant infaunal metazoans recorded Sources

Rio Mesquites, Cuatro 
Ciénegas, Mexico

Freshwater, basin-fed 
river

Stromatolite: detached 
oncolite (spherical)

Diptera (Chironomidae; Ceratopogo-
nidae), Malacostraca (Amphipoda: 
Hyalella sp.), Trichoptera (Cernotina 
sp.), Ephemeroptera (Caenis sp.), 
Gastropoda (Hydrobiidae: Mex-
ithauma quadripallium, Nymphophi-
lus minckleyi)

Dinger et al. (2006) 
and Garcia-Pichel 
et al. (2004)

Lake Clifton, Western 
Australia

Brackish coastal lake Thrombolite Malacostraca (Amphipoda: Melita 
kauerti; Isopoda: Exosphaeroma cf. 
E. serventii), Ostracoda (Cyprideis 
australiensis), Polychaeta (Capitella 
cf. capitata); Nematoda

Konishi et al. (2001)

Eastern Cape, South 
Africa

Marine-freshwater 
interface (brackish), 
intertidal

Stromatolite See Table 1. Anellida (Clittelata: 
Naididae, Enchtraeidae; Polychaeta: 
Nereididae), Malacostraca (Amphi-
poda: Orchestia rectipalma, Melita 
zeylanica, Americorophium triaeno-
nyx; Tanaidacea: Tanaididae; Isopoda: 
Pseudosphaeroma barnardi, Cyathura 
estuaria), Gastropoda (Littorino-
morpha), Diptera (Chironomidae, 
Ceratopogonidae)

This study

Exuma Cays, Bahamas Marine, high sediment 
transport

Stromatolite, throm-
bolite

Copepoda, Annelida (Polychaeta), 
Nematoda (Syringolaimus; Rhabdola-
midae), Bivalvia, Sipuncula, Ostra-
coda, Malacostraca, Gastropoda, 
Cnidaria, Gastrotricha, Platyhel-
minthes, Echinodermata

Edgcomb et al. 
(2014), Garrett 
(1970) and Tarhan 
et al. (2013)

Hamelin Pool, Shark 
Bay, Australia

Marine, hypersaline Stromatolite, throm-
bolite

Annelida, Cnidaria, Gastrotricha, 
Nematoda (Rhabdolaimidae), Platy-
helminthes, Echinodermata

Allen et al. (2009), 
Edgcomb et al. 
(2014)
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as changing water chemistry (Grotzinger 1990) or nutrient 
limitation (Elser et al. 2006), might indeed have contrib-
uted to the scarcity of the stromatolites by the Holocene. 
Microbial mats seem to have offered one of the essential 
catalysts to enable the evolution of animals by providing 
accessible oxygen micro-reservoirs in the largely anoxic 
Ediacaran oceans (Gingras et  al. 2011). Therefore, the 
observed, albeit rare, coexistence of these two biologi-
cal groups might largely be a consequence of the benefit 
derived by metazoan infauna in terms of oxygen resources 
and predator avoidance, which would select against the 
destructive effect of metazoans on their micro-refugia.
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