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Stromatolites in South Africa

Tufa stromatolite ecosystems on the
South African south coast

Following the first description of living marine stromatolites along the South African east coast, new
investigations along the south coast have revealed the occurrence of extensive fields of actively calcifying
stromatolites. These stromatolites have been recorded at regular distances along a 200-km stretch of
coastline, from Cape Recife in the east to the Storms River mouth in the west, with the highest density
found between Schoenmakerskop and the Maitland River mouth. All active stromatolites are associated with
freshwater seepage streams flowing from the dune cordon, which form rimstone dams and other accretions
capable of retaining water in the supratidal platform. Resulting pools can reach a maximum depth of about
1 m and constitute a unique ecosystem in which freshwater and marine organisms alternate their dominance
in response to vertical mixing and the balance between freshwater versus marine inflow. Although the factors
controlling stromatolite growth are yet to be determined, nitrogen appears to be supplied mainly via the dune
seeps. The epibenthic algal community within stromatolite pools is generally co-dominated by cyanobacteria
and chlorophytes, with minimal diatom contribution.

Introduction

The first extant marine tufa stromatolites along the southern African coast were described in the early 2000s
from Cape Morgan®? and later investigated in some detail from a geochemical and geomorphological point of
view?. Located on a dolerite headland shaped into a wave-cut platform, these stromatolites consist of continuous,
extensive laminar growths or discrete accretions bridging gaps between separate boulders. In either case, the
formation results in enclosed rock pools capable of trapping carbonate-rich groundwater seeps. Although other rare,
isolated examples of similar formations have been reported to occur from Port Elizabeth to Tofu in Mozambique,®
the recent discovery of numerous and closely spaced living stromatolites on the coastline south of Port Elizabeth
appears to be extraordinary. While the Cape Morgan headland includes about 50 stromatolite colonies, each of
about 3 m? on average,’® the formations mapped thus far to the west of Cape Recife include 540 colonies, ranging
in cover from <1 m?to >10 m2

Stromatolites are important because they are regarded as the oldest type of calcified formations in which
cyanobacteria play a major role in the deposition of calcite crystals, either directly on the cell surface or, more
commonly, through inclusion within the mucilaginous sheath that surrounds the cell.** The process requires CaCO0,
supersaturation of the water, which only occurs in today’s marine environment in a few special circumstances, e.g.
under states of hypersalinity, excess evaporation or mixing of extremely different water types.3%” As stromatolites
date back in the fossil record at least 2.7-3.5 billion years, the study of the few extant colonies still remaining in
the marine environment may be instrumental in understanding the hydrospheric conditions that prevailed at the
onset of life on earth.

Southern African tufa stromatolites are regarded as unique in their nature, because they typically occur at the
interface between freshwater seepage points and the marine penetration.® The closest type to those discovered on
the southeast coast of South Africa are the tufa deposits recently reported from the southwest coast of Western
Australia® and from the Giant’s Causeway of Northern Ireland®. In Australia, most tufa formations are associated
with inland spring discharges, whereas the South African types are all upper intertidal to supratidal in position, with
strong and regular marine influence. By comparison, the Northern Ireland formations have a very limited thickness
and are seldom inundated by marine waters.?

Here we report a preliminary account of the nature and extent of the newly discovered tufa stromatolites on the
Eastern Cape south coast, including basic observations ontheirlocation, extent, structure and ecological functioning.
More comprehensive investigations will be undertaken during the next few years within a project recently initiated
at the Nelson Mandela Metropolitan University, in collaboration with the South African Environmental Observation
Network and Rhodes University.

Materials and methods

Three different tufa pools of the ‘barrage’ type were selected for the preliminary study. These pools were located
at representative sites along the coastline, from south of Cape Recife (Pool A, 34°02'42.13”'S, 25°34°07.50"E)
to Schoenmakerskop (Pool B, 34°02'28.23”S, 25°32'18.60”E) and on the eastern outskirts of Seaview
(Pool C, 34°01°03.16"’S, 25°21°56.48"’E) (Figure 1). Pool A was located far from any residential disturbance, while
Pool B was just below the village of Schoenmakerskop and likely affected by anthropogenic effluents. Pool C was
situated just below the eastern residential extension of the village of Seaview and was, therefore, potentially most
affected by leaching of anthropogenic effluents.

© 2014. The Authors.
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1 Volume 110 | Number 9/10
September/October 2014



https://core.ac.uk/display/145031351?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.sajs.co.za
mailto:renzo.perissinotto@nmmu.ac.za
http://dx.doi.org/10.1590/sajs.2014/20140011
http://dx.doi.org/10.1590/sajs.2014/20140011

Research Article

Stromatolites in South Africa

Page 2 of 8

24“6?'0"5 25’2‘0'5 ZS'ZID‘O‘E z&“dIW'E 28°0'0°E

N
& . i W+E &
= d =
E- '\\I e s J -g
- \. - - -
sy 0 10 20 40 Kilometres
& ] - . L 1 1 1 1 1 1 L 1
South Africa’ V.
L Nt
Atlantic .c Vi
B *Caa Algoa Bay
o * Storms River
i Maitlands P i h %
5 | Sadiiew 'art Elizabet | 5
3 Schoenmakerskop ., I
-
Jeffrey's Bay T T 7 Cape Recife
. c |
St Francis Bay BUA
W Q)rster Bay St l;raa;lus
Cape St Francis

24‘4:)'0"5 25‘0"0'5 25'2‘0‘01 25'45‘0"5 28"0'0°E

Figure 1:  Study site map showing the location of freshwater seeps between Cape Recife and Oyster Bay (black dots). The location of the pools that were

studied in more detail are indicated by A, B and C.

Continuous recording of temperature and salinity at the three selected
pools was initiated in April 2013, using Star Oddi DST CT (http://www.
star-oddi.com/) probes deployed in crevices at the bottom of each pool.
Data were downloaded after 6 months. A full survey of the three pools
was undertaken during 13-15 October 2013, when a range of physico-
chemical parameters was measured using a YSI 6600-V2 multiprobe
system (YSI Incorporated, Yellow Springs, OH, USA). These parameters
include depth, temperature, salinity, conductivity, pH, dissolved
oxygen and turbidity. Samples for nutrients and chlorophyll-a analyses
were also collected from the water column, along with epibenthic
macrofauna, macrophytes, algae and cores for microphytobenthic
chlorophyll-a analysis.

Percentage composition of algal classes was estimated both in the water
column and at the sediment surface using a bbe Moldaenke FluoroProbe
(bbe Moldaenke, Schwentinental, Germany) fitted with a dual bentho-
pelagic switch system. FluoroProbe is an in-situ fluorometer that uses
the spectral fluorescence approach to discriminate among major algal
classes on the basis of selective excitation of accessory pigments
(which differ between the major taxonomic groups of algae).”®'
Sediment cores to a standard depth of 50 mm were collected using
a stainless-steel corer (17 mm internal diameter) pushed through the
tufa deposits with a hammer. Cores were fractionated into 5 x 10 mm
units and again extracted in 30 mL of 90% acetone solution for 48 h.
Fluorescence readings were taken using a Turner 10-AU (Turner Designs,
Sunnyvale, CA, USA) narrow-band system. Dissolved inorganic nitrogen
and phosphorus were measured by determining the concentration
of ammonium, nitrate and nitrite, and orthophosphate, respectively,
using standard colorimetric methods.' Qualitative samples of benthic
macrofauna, fish, micro- and macroalgae as well as macrophytes
were collected at each pool, to identify key constituents of barrage
pool communities.

For microbial diversity studies, approximately 0.8 g of stromatolite
material from an upper and lower elevation of Pool B (Figure 1) was
crushed using a sterile pestle and mortar in liquid nitrogen. Genomic
DNA was extracted from crushed material using the PowerSoil DNA
Extraction kit (MoBio Laboratories Inc., Carlshad, CA, USA) and
variable regions 4 and 5 of the bacterial 16S rRNA gene were amplified
through a polymerase chain reaction (PCR) using fusion primers
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including a multiplex identifier tag as well as a nucleotide sequence
required for the sequencing reaction. PCR products were analysed
by 454-pyrosequencing (454 sequencing platform, Roche Products,
Johannesburg, South Africa). Primer tags, sequence reads shorter
than 200 bp, reads containing ambiguous nucleotides as well as reads
with homopolymeric runs longer than seven nucleotides, were culled
from the data set using Mothur'. The remaining 5733 sequences
were classified using the Naive Bayesian rRNA classifier algorithm?41®
against the Ribosomal Database Project (http://rdp.cme.msu.edu/) and
visualised in Xcel or MEGAN v4'6, Sequence data were submitted to the
Sequence Read Archives hosted at the National Center for Biotechnology
Information, with accession number SRX478035.

Results and discussion

Range and extent of tufa stromatolites

Reconnaissance surveys have established that the newly discovered
stromatolite fields of the southern Cape coast are spread across
approximately 200 km of coastline from east of the Storms River mouth
(34°1°12.14”'S, 23°54'10.66"’E) to west of Cape Recife (25°42'6.40”’S,
34°1°'4515”E) (Figure 1). Thus they are among the most extensive
tufa deposits currently occurring along any coastline (for comparison,
Western Australia’s deposits extend to 90 km® and those in Northern
Ireland to 25 km?). A preliminary survey of a 10-km section of the
coastline between Cape Recife and Maitlands revealed 341 freshwater
seeps (a density of one in every 25 m), 90% of which exhibited
stromatolite deposits. Of the 346 freshwater seeps (a density of one
in every 41 m) in a 14-km section between Cape St Francis and Oyster
Bay, about 58% formed tufa deposits of some kind. All active deposits
are supratidal to upper intertidal in position and receive regular inflow of
seawater, either as wave overtopping at high spring tide or wave splash
during storm surges.

Structure of stromatolite formations

Both ‘barrage pools’ with downstream rimstone dams (Figure 2a) and
‘waterfall deposits’ (sensu Forbes et al.%) (Figure 2b) occur at regular
intervals along the coastline, with the former type generally dominating
both in terms of frequency and areal extent. Additionally, ‘shell

Volume 110 | Number 9/10
September/October 2014


http://www.sajs.co.za
http://www.star-oddi.com
http://www.star-oddi.com
http://rdp.cme.msu.edu

Research Article
Page 3 of 8

conglomerates’ form under higher flow conditions, when fast-flowing
streams with a high CaCQ, content end up directly onto a beach made
up of shell grit, pebbles and sand, with calcification eventually cementing
everything together. Barrage pools seem restricted to flat coastline
areas, with very few developing along steep areas or where a longer
distance between seep and the shore is involved. Conversely, waterfall
deposits are most abundant on steep slopes, where freshwater seeps
among rocks, from waterfalls or the occasional pump house (Figure 2b).

Figure 2:  (a) Barrage pools with downstream rimstone dams exhibiting
extensive chlorophitic growth at the marine interface at
Schoenmakerskop on 15 October 2013 (photo: Lynette Clennell)
and (b) waterfall deposits formed from a pump house outflow at

Rebelsrus on 17 October 2013 (photo: Thomas G. Bornman).

All three mesofabric structures recognised earlier in the Cape Morgan
fields>3 can be observed in the south coast formations. These structures
include ‘colloform growths’, most often found underwater in the deeper
parts of the barrage pools. They exhibit a typical multiconvex lamination
with irregular margins probably imparted by bioerosion.!” ‘Laminar/
columnar deposits’ occur mainly at pool margins, as boundstone
connecting bedrock outcrops to form rimstone dams with a thickness
not unusually in excess of 1 m (Figure 2a). ‘Pustular formations’ are
partially emergent and occur in shallow water around pool rims or
as waterfall deposits (Figure 2b). Their morphology is irregular with
disrupted lamination probably imparted by wave or current action.
In all formations, the typical laminar structure observed previously in
the Morgan Bay stromatolites is also found, with a micritic network
composed mainly of radial laminae separated by thinner, longitudinal
climax laminae.?3
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Stromatolite ecosystem dynamics

The barrage pools are regularly inundated with seawater (Figure 3),
with frequency depending on the elevation of the formation. An increase
in marine overtopping events was evident in winter, coinciding with
frontal storm events. The variability in salinity is further increased by
the volume of freshwater input. Pool A, although subjected to almost
daily marine overtopping events in winter, also receives a high flow of
fresh water that quickly replaces the seawater. The less frequent marine
overtopping events in Pool B have a longer residence time as a result
of lower freshwater inflow, thereby creating more stable conditions for
biota (Figure 3).

Haloclines and stratification develop in calm conditions between the
upper freshwater lid and the heavy saline water at the bottom (Table 1).
From upstream seepage pools through to the barrage pools and the
downstream pools a progressive trend of pH increase, from about 7.2
to about 9.1, can be observed, indicating CO, degassing and CaCO,
precipitation.® Inside barrage pools, diurnal oxygen levels can reach
extremes in excess of 345% or 27.87 mg/L supersaturation at the
interface between sediment and water, as a result of photosynthesis by
the benthic algal community (Table 1).

In the three pools sampled during the study, dissolved inorganic nitrogen
was dominated overwhelmingly by the nitrate + nitrite fraction, accounting
for 99% of the total nitrogen. A comparison of nutrient contents in
barrage pools versus upstream seepage pools and downstream marine
adjacent pools, shows that there was a high dissolved inorganic nitrogen
content in the fresher waters, while no differences were observed in the
distribution of dissolved inorganic phosphorus. There was, however, a
gradient of increasing concentration from Pool A (Cape Recife) to Pool
C (Seaview) (Figure 4), which appears to be correlated with the intensity
of residential settlements in proximity of the pools. The nitrogen is in the
most oxidised form and highest concentration in the upper pools, hence
the nutrient source fuelling stromatolite productivity appears to be in the
seepage water.

Total core (50 mm thick) benthic microalgal biomass in stromatolite
tufa formations was in the range of 197-853 mg (chla-eq)/m2. Of this
biomass, 80.5% was found in the upper 10 mm, decreasing sharply
with depth to 7.6% at 20 mm, 5.5% at 30 mm, 4.4% at 40 mm and
2.2% at 50 mm (Figure 5). In terms of algal classes, in barrage pools
benthic algae were dominated by chlorophytes with 51-55% of total
epilithon, followed by cyanobacteria with 43-48% and diatoms with only
0-2.7% (Table 2). Chlorophyte activity appeared to peak immediately
after marine overtopping events, subsiding during periods of no marine
penetration. In the water column, phytoplankton classes were dominated
by chlorophytes with 2-49% of the total, followed by cyanobacteria with
6-20%. ‘Yellow substances’, presumably from leaching dune vegetation,
accounted for the bulk of the fluorescent signal (Table 2).

The bacterial assemblage associated with the upper and lower
stromatolite formations sampled from Pool B was dominated by
Cyanobacteria, Bacteroidetes and Proteobacteria  (Figure 6a).
Verrucomicrobia, Planctomycetes and Chloroflexi also occurred
in significant numbers but were not as numerically dominant. The
bacterial diversity profiles of stromatolites from Western Australia
and the Bahamas, whilst containing large numbers of Bacteroidetes
and Cyanobacteria, are dominated by Proteobacteria.'®?' By contrast,
stromatolites from Spain contained higher abundances of Cyanobacteria
followed by Bacteroidetes and Proteobacteria.?? Closer examination of
the dominant cyanobacterial operational taxonomic units (OTUs) in the
stromatolites from Pool B shows a single OTU, classified as Lyngbya,
representing almost 60% of the cyanobacterial reads within the upper
pool stromatolite (Figure 6b). By contrast, the cyanobacterial OTUs
within the stromatolite from the lower pool are more evenly distributed
with dominant genera of Lyngbya, Plectonema, and Leptolyngbya. With
respect to the Proteobacteria found within the stromatolites in this study,
the bulk of the reads was assigned to the Alphaproteobacteria (Figure
6b). Of interest is the occurrence of photosynthetic genera in the lower
pool stromatolites (e.g. Rhodobacter and Erythrobacter), as well as
the distinctive difference in distribution patterns of the proteobacterial
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Figure 3:  Hourly salinity readings from the bottom of Pools A and B from 01 August to 31 October 2013. The lower limit of the instrument is ~5.
Table 1:  Range of physico-chemical parameters in stromatolite pools measured during October 2013
Temperature (°C) Salinity Specific conductivity pH Dissolved oxygen Turbidity (NTU)
(mS/cm) (mg/L)
Pool A 18.84-19.76 0.93-6.17 1.826-10.85 7.26-8.1 8.46-16.29 0.6-3.1
Pool B 23.05-24.36 0.77-5.19 1.525-9.271 8.1-8.61 13.11-20.56 0.5-1.2
Pool C 20.78-24.99 1.05-21.61 2.051-34.33 8.01-9.09 7.03-27.87 0.2-1.5
600 ] 700 -
500 - I 5 600 -
46 1 |- E 500 -
= = E 400 |
2 a0 L & g
z S %z 300
=] _ a z
201 2 © 200 |
100 i 1 100
5 |_I—- L o ° == = T S
0-10 1-20 21-30 31-40 41-50
Poal A Pool B Pool C
Depth (mm)
Figure 4:  Dissolved inorganic nitrogen (DIN, white bars) and phosphorus
(DIR grey bars) concentrations (SD) measured in stromatolite Figure 5:  Average chlorophyll-a profile of cores (+SD) taken at strom-

pools during October 2013.

South African Journal of Science
http://www.sajs.co.za

atolite Pools A-C during October 2013.
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Table 2:  Relative contribution (%) of total biovolume for algal classes discriminated by the bbe Moldaenke FluoroProbe in the water column and at the
sediment surface of stromatolite Pools A-C during October 2013
Sediment surface Water column
Chlorophyta Cyanophyta Diatoms? Chlorophyta Cyanophyta Diatoms? Cryptophyta Yellow
substances
Pool A Lower 57 43 0 54 3 14 4 25
Middle 52 48 0 2 20 0 0 78
Upper 61 39 0 1 26 0 0 73
Pool B Lower 56 44 0 58 3 0 2 37
Middle 56 44 0 49 9 0 0 42
Upper 52 48 0 26 25 0 0 49
Pool C Lower 63 35 2 6 29 0 0 65
Middle 54 43 3 48 6 0 0 46
Upper 60 36 4 5 7 0 0 88

Diatoms: Bacillariophyta

genera between the two stromatolite samples. Stromatolite formation
is hypothesised to be cyclical in nature, consisting of the formation of
microbial mats dominated by Cyanobacteria, which leads to the rapid
production of exopolymeric substances which bind sediment granules.
This formation is then followed by a hiatus characterised by a decrease
in sedimentation and an increase in mineral precipitation, during
which heterotrophic bacteria increase in abundance.?*? Both samples
examined in this study had high abundances of Cyanobacteria and
heterotrophic Bacteroidetes and Proteobacteria (Figure 6a). The lower
pool sample exhibited higher relative abundances of Cyanobacteria and
phototrophic purple bacteria, suggesting that it is still within the active
sedimentation phase, whilst the increased heterotrophic component in
the upper pool indicates a possible transition from sedimentation to
hiatus phase.

Plants and macroalgae from the tufa stromatolite environments were
sampled in the period between overtopping events, during which the
systems were highly stratified. The resulting salinity gradient allowed
for the occurrence of eight different macroalgal species, ranging from
marine to typically freshwater species within the span of a single barrage
pool complex (ca. 10-30 m). Spirogyra sp. was common near the inflow
point to the barrage pools, while Ulva intestinalis and U. prolifera were
particularly abundant near the outflow where the influence of the sea
was greater. Overall, the macroalgal species recorded in the barrage
pool systems show strong similarities to the macroalgae of Eastern
Cape estuaries.? Similarly, the macrophytes associated with the barrage
pool systems included typical freshwater wetland species?2, as well as
plants normally associated with Cape Estuarine Saltmarsh vegetation?.
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Based on the macrophyte species data, the tufa stromatolite environment
appears to have more in common with estuarine systems than with
freshwater wetlands.

With few exceptions, metazoan communities have generally been
regarded as incompatible with the very existence of stromatolites.®%03!
However, a diverse macrofauna community characterises the stromatolite
pools of the Eastern Cape, with euryhaline species occurring throughout
the system and typical freshwater and marine species alternating with
each other for pool dominance, or even coexisting in different layers of
each pool. A case in point is provided by the true crabs (brachyurans),
which exhibit abundances of a typical freshwater species, Potamonautes
perlatus (Figure 7a), next to a typical marine intertidal dweller, Cyclo-
grapsus punctatus (Figure 7b). The two can be found occasionally in
the same barrage pool, but at different depths, with the marine species
generally under rocks in the deeper parts where the denser saline water
sinks. Mass mortality of C. punctatus has been observed when pools
become fresh water dominated as a result of an imbalance of flows
from the two sources or when turbulent conditions force mixing and the
breakdown of haloclines in the water column. Stromatolite pools appear
to be colonised by a unique suite of common fish species, most of which
are usually associated with estuaries. It is unknown to what extent these
unique habitats serve as a fish nursery. In the fresher pools, there are
often frogs and dense aggregations of tadpoles.

Most extant tufa stromatolite deposits around the world are already
protected. Those occurring on the southwest coast of Western Australia,
resembling most closely the South African type, are registered as
‘Threatened Ecological Communities’ with the status of endangered
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Figure 6:  Microbial diversity in stromatolites from the upper and lower reaches of Pool B based on the assignment of 16S rRNA sequences to taxonomic
rankings against the Ribosomal Database Project. (a) Relative abundance of the reads assigned to the taxonomic ranking of phylum. (b) Relative
abundances of the ten most dominant cyanobacterial operational taxonomic units (0TUs) determined at a distance level of 0.03 using Mothur.
BLAST analysis of the OTUs against the NCBI database was done to ascertain the closest genus to which the OTU could be classified (the
accession number of the NCBI-deposited sequence and the percentage identity of the sequence match against a deposited sequence is indicated
in brackets). (c) Taxonomic breakdown of the reads assigned to the phylum Proteobacteria using MEGAN software (data sets were normalised for
comparative purposes).
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ecosystems.® Special ‘Ecological Water Requirements’ have been
allocated to them, in order to secure their long-term sustainability.
Because of threats of residential encroachment, groundwater extraction,
coastal development and invasion by alien species, it would be advisable
for South Africa to follow the Australian example and place all tufa
stromatolite formations under statutory protection.

Figure 7:  (a) Potamonautes perlatus among stromatolite formations
in the upper freshwater layer of the barrage pool and (b)
Cyclograpsus punctatus in the deeper layer of the barrage pool,
with individuals dying of osmotic stress as freshwater seepage
inflow increases and salinity decreases (photos: Lynette

Clennell, Schoenmakerskop, 6-13 October 2013).
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