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Abstract 

This study represents the first report of an invasive species associated with modern, living stromatolites. The presence and potential impacts of the 
reef-forming tubeworm Ficopomatus enigmaticus (Fauvel, 1923) in unique stromatolite ecosystems of South Africa are addressed. Data on F. 
enigmaticus populations and a suite of environmental variables were collected on a monthly basis in 2014, at three sites along the Eastern Cape 
coast. Results are interpreted in terms of known environmental tolerance, reproductive strategy and environmental impacts of F. enigmaticus around 
the world. A combination of variables influenced the F. enigmaticus populations, particularly temperature and the availability of substrates for 
settlement. Low water temperatures (< 20°C) in winter appeared to limit the species growth and reproduction. Small populations of adult 
individuals were however able to persist all year round in habitats that exhibit favourable environmental conditions. These stromatolite pools appear 
to function as unique ecosystems that provide refuge for estuarine species, thus acting as stepping stones facilitating the dispersal and range 
expansion of estuarine fauna along the coast, including invasive species. 
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Introduction 

During the last two decades, marine invasive species 
have been reported from virtually every coastal 
ecosystem worldwide (Ruiz et al. 1997; Bax et al. 
2003; Gallardo et al. 2016). A number of drivers act 
either singularly or synergistically (Lau and Schultheis 
2015) to prompt an invasion. Such drivers include 
disturbance, propagule pressure, human-mediated 
transport, low biotic and abiotic resistance, and shifting 
climate regimes (Blackburn et al. 2015; Bellard et al. 
2016; Penk et al. 2016). Refugia or stepping-stones 
can affect spread by allowing organisms to utilise 
smaller, sometimes unfavourable (Apte et al. 2000), 
habitats to expand their distribution from, and to, 
preferred environments. 

The recent discovery of an extensive network of 
peritidal stromatolite pools along the South African 
coastline (Smith et al. 2005; Smith et al. 2011; 

Perissinotto et al. 2014) is therefore of interest because 
they appear to provide refugia and may function as 
stepping stones for invasive species. Stromatolites 
(layered microbialites) are formed through the 
deposition of calcium carbonate and the trapping of 
sediment by microalgae, predominantly cyanobacteria 
and diatoms (Reid et al. 2000; Bosak et al. 2013). 
Marine, living, stromatolites are rare and considered 
to be partial analogues (Riding 2011) of those 
ancient microbialites that dominated shallow Archean 
and Proterozoic oceans (Grotzinger and Knoll 1999; 
Riding 2011). The stromatolites discovered in South 
Africa are similar in structure but less extensive and 
marine-influenced compared to those found in 
south-western Australia (Forbes et al. 2010) and 
Northern Ireland (Cooper et al. 2013). They are 
formed at the intersection of fresh, carbonate-rich, 
groundwater discharge and the upper subtidal 
marine zone (Perissinotto et al. 2014). 
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Figure 1. Map of the study area showing the sampling locations on the south coast of South Africa (A, B and C) as well as the 
location of all coastal freshwater seeps in the surrounding area from Cape Recife to Oyster Bay (black dots; 540 in total). Two 
stromatolite pools uninvaded by F. enigmaticus were sampled at site A, three invaded pools were sampled at site B, one invaded and 
two uninvaded pools were sampled at site C. Adapted from Perissinotto et al. (2014). 

 

South African stromatolites host a wide variety of 
freshwater, estuarine, and marine organisms that 
appear to alternate their dominance in response to 
vertical mixing and the balance between freshwater 
and seawater inputs (Perissinotto et al. 2014). Among 
these species is the invasive estuarine tubeworm 
Ficopomatus enigmaticus (Fauvel, 1923). The species 
is suspected to originate from temperate regions of 
the Indian Ocean, but geographic origin is still 
uncertain and a matter of debate (reviewed by 
Dittmann et al. 2009). The species was first recorded 
in South Africa (as Mercierella enigmatica) in the 
1950’s (Day 1951) and is thought to have been 
introduced by ship fouling from southern or western 
Australia (Mead et al. 2011a). Presently, most estuaries 
in South Africa are colonised by this alien species 
(Day 1981; Plisko and Griffiths 2011), and it is suspected 
that stromatolite pools act as stepping-stones in the 
spread of this species across estuarine systems that 
are often located far apart from each other. This 
serpulid tubeworm is considered to be a highly invasive 
ecosystem engineer that has colonised many 
subtropical and temperate areas of the world (ten 
Hove and Weerdenburg 1978; Day 1981; Fornos et 
al. 1997; Bianchi and Morri 2001; Mead et al. 2011b; 
Pernet et al. 2016). It builds large reefs on hard 

substrates, including artificial structures, and has had 
major impacts on the ecology of systems it invaded 
in Argentina and South Africa (Obenat and Pezzani 
1994; Schwindt and Iribarne 2000; Bianchi and Morri 
2001; Schwindt et al. 2001; Schwindt et al. 2004a; 
Schwindt et al. 2004b; Dittmann et al. 2009; McQuaid 
and Griffiths 2014). 

This study represents the first report of an 
invasive species associated with living stromatolites. 
Modern stromatolites along the South African coast 
are characterised by highly variable environmental 
conditions with frequent and extreme fluctuations 
associated with regular spring tidal over-topping and 
flushing with freshwater from groundwater (Perissinotto 
et al. 2014). This high variability creates a unique 
habitat suited only to those species able to tolerate 
extreme environmental fluctuations. Our goal was to 
examine the presence and potential impacts of the 
reef-forming tubeworm F. enigmaticus in stromatolite 
ecosystems. This was done by assessing population 
abundance patterns and growth rates of the tubeworm 
in stromatolite pools to determine the most important 
environmental variables correlated to tubeworm 
populations by comparing invaded and uninvaded 
habitats in terms of environmental variables. 
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Table 1. Stromatolite pools sampled on the south coast of South Africa. Eight pools were surveyed in total: four invaded and four 
uninvaded by Ficopomatus enigmaticus. 

Pools Pool number Site Status 

Three upper pools (sensu Perissinotto et al. 2014) 
contained stromatolite structures and were located nearest 
to freshwater seepage points. 

1 A Uninvaded by F. enigmaticus 

2 B Invaded by F. enigmaticus 

3 C Uninvaded by F. enigmaticus 

    

Three middle pools contained the most stromatolite 
accretion and are considered typical barrage pools 
(Perissinotto et al. 2014). They were located between 
seepage points and the subtidal zone. 

4 A Uninvaded by F. enigmaticus 

5 B Invaded by F. enigmaticus 

6 C Uninvaded by F. enigmaticus 

    

Two additional pools were situated nearer to seepage 
points than the subtidal zone. These contained 
stromatolite structures, and relatively high numbers of 
live F. enigmaticus as well as empty tubes attached to 
boulders. 

7 B Invaded by F. enigmaticus 

8 C Invaded by F. enigmaticus 

 

Methods 

Study sites and sample collection 

Samples were collected in 2014 during the first 
extensive survey of the three barrage pool sites 
reported by Perissinotto et al. (2014). Collection sites 
were located west of Cape Recife (site A, 34º02′42.13″S, 
25º34′07.50″E), at Schoenmakerskop (site B, 34º02′ 
28.23″S, 25º32′18.60″E), and east of Seaview (site C, 
34º01′03.16″S, 25º21′56.48″E) along the South African 
coastline in the vicinity of Port Elizabeth (Figure 1). 
Sampling was conducted at lowest low-tide during 
the first spring tidal phase of each month during 
each season (autumn: Mar – May; winter: Jun – Aug; 
spring: Sep – Nov; summer: Dec – Feb). 

The current study focused on middle and upper 
pools in sites A, B, and C (see Perissinotto et al. 
2014), as well as two additional pools, one at site B 
and one at site C (Figure 1, Table 1). All pools in 
this study were located between the subtidal 
waterline and landward groundwater seepage. Lower 
pools (sensu Perissinotto et al. 2014) were closest to 
the subtidal, had the least stromatolite growth, and 
always contained marine organisms with no trace of 
F. enigmaticus. Therefore, lower pools were not 
included in this study. 

A YSI 6600-V2 multiprobe system (YSI 
Incorporated, Yellow Springs, Ohio, USA) was used 
to measure physico-chemical parameters in all pools: 
temperature (°C), salinity, depth (m), pH, turbidity 
(NTU), and dissolved oxygen (DO, mg.l-1). Star Oddi 
DST CT (http://www.star-oddi.com) probes were deployed 
in crevices at the bottom of each middle pool and 

recorded hourly temperature and salinity data. 
Additional information that influences all pools was 
also collected for the study area. Rainfall, as measured 
by the South African Weather Services at the Port 
Elizabeth International Airport (~ 9 km from Site B), 
influences freshwater input to all the pools. Swell 
height, as modelled by Windguru (http://www.windguru.cz) 
for Port Elizabeth, was considered an indicator of 
environmental energy as the pools are regularly over-
topped by saltwater during spring high tides and 
storm surges. Inshore ocean surface temperature was 
measured using Onset Hobo® U22-001 underwater 
temperature recorders (Onset, Cape Cod, Massa-
chusetts, USA) deployed at depths < 1 m below mean 
spring low water. Ficopomatus enigmaticus are 
suspension feeders known to filter large volumes of 
water (Davies et al. 1989), hence potentially affecting 
total suspended solids (TSS), particulate organic 
matter (POM) and chlorophyll-a (chl-a) concentra-
tions. Water samples were collected monthly from 
pools to determine TSS (mg.l-1), POM (mg.l-1) and 
chl-a (mg.m-3). Water was filtered through pre-
combusted and pre-weighed Whatman GF/F filters. 
Filters with retained materials were oven dried (60°C 
for 48 h) and weighed with a digital balance (0.01 mg) 
to determine TSS (total dry mass) and then combus-
ted (450°C for 4 h) and weighed again to determine 
POM (organic component). For water-column chl-a 
analyses, water was filtered through a GF/F filter. 
To extract pigments, filters with retained material 
were placed in 8 ml of 90% acetone solution for 48 h 
in darkness at 4°C. Fluorescence was measured using 
a Turner 10-AU narrow-band system (Turner Designs, 
Sunnyvale, California, USA). 
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The availability of substrates suitable for 
colonisation by F. enigmaticus was estimated every 
month. Objects larger than 500 cm3 (such as bottles, 
cans, tree trunks, and other debris) were regarded as 
substrates on which F. enigmaticus could settle 
(Schwindt and Iribarne 2000; Schwindt et al. 2004a) 
and were counted in each pool. Algal mats can cover 
hard substrates and effectively create a physical 
barrier to larval settlement (Norkko and Bonsdorff 
1996). Therefore, to calculate the total (algae-free) 
area potentially available for the settlement of F. 
enigmaticus during this study, the total hard 
substrate area of each pool was measured and the 
percentage benthic algal cover was estimated based 
on photo-quadrats. A 12 megapixel digital camera 
was positioned 1.5 m over a 1 × 1 m PVC quadrat, 
which was placed on the water surface and aligned 
according to landmarks. The entire water surface of 
pools was photographed every month in this way. 

All pools were searched for traces of tubeworms 
every month. The number of live F. enigmaticus 
individuals was counted in each pool, and the length 
of their calcareous tubes was measured with Vernier 
callipers (to the nearest 0.01 mm). Tube growth 
(increase in length, mm) was also tracked for each 
live individual worm found. Photographs were used 
to confirm the identity of individuals as each 
displayed distinct settlement locations and tube 
shapes. Measurements were repeated every 30 days 
and used to determine tube length increases of 
individual worms. Average monthly tube growth rate 
(increase in length) was then calculated for invaded 
pools. To determine dry mass (biomass), worms (5 
individuals per pool) were separated from their 
tubes, oven dried (60°C for 48 h) and individually 
weighed to the nearest 0.01 mg. 

Statistical analyses 

General linear models (GLM) with quasi-Poisson 
distribution (season, four levels: autumn, winter, spring, 
summer; status, two levels: invaded and uninvaded) 
were run for each environmental variable (TSS, 
POM, chl-a, temperature, salinity, depth, pH, 
turbidity, dissolved oxygen, potential available area 
for settlement, potential substrates for settlement), 
followed by Tukey’s post-hoc testing to determine if 
there were significant differences between invaded 
and uninvaded pools in each season. ANOVA 
followed by Tukey’s post-hoc test was used to 
determine if there were differences between seasons 
in log(x+1) transformed F. enigmaticus tube growth 
data. In both cases, all model assumptions were met. 
These analyses were done using the statistical 
software R, version 2.15.1. 

 
Figure 2. Ficopomatus enigmaticus tubeworms on colloform 
formations in a stromatolite pool along the south coast of South 
Africa (a), ventral view (b), dorsal view (c) and operculum (d) of 
extracted specimen. Photographs by N.A.F. Miranda. 

Non-parametric permutational MANOVA 
(PERMANOVA, Anderson et al. 2008) was used to 
test for differences in the measured environmental 
variables. In this regard, a three-way PERMANOVA 
design tested for differences between pools uninvaded 
and invaded (UI) by F. enigmaticus (fixed term, 2 
levels), pools (random factor nested in UI, 8 levels) 
and seasons (fixed factor, four levels). The 
resemblance matrix was based on Euclidean distance. 
Statistical significance was tested using 9999 
permutations of residuals under a reduced model. 
Distance-based linear modelling (DISTLM, Legendre 
and Anderson, 1999; McArdle and Anderson, 2001; 
Anderson et al. 2008) was used to perform permuta-
tional regression (9999 random permutations) to test 
for linear relationships between F. enigmaticus 
abundance (response) and the above-mentioned 
environmental variables (predictors). The response 
variable (F. enigmaticus abundance) was first 
converted to a Euclidean distance matrix. A step-
wise selection procedure was used, incorporating the 
corrected Akaike Information Criterion (AICc) 
(Burnham and Anderson 2002) as the selection 
criterion to measure the relative goodness of fit for 
each model. The final subset of environmental 
variables that provided maximum parsimony 
(according to the AICc criterion) is presented. The a 
priori significance level (α) for all multivariate tests 
was set at 0.01. 
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Figure 3. Rainfall, ocean temperature and swell height data collected in the study area (a-c); selected environmental variables (water 
temperature, salinity, available potential area for settlement and pool depth) collected from four stromatolite pools invaded by F. enigmaticus 
(red solid line) and four uninvaded pools (blue dashed line) (d-g); monthly F. enigmaticus tube growth in invaded pools (h) and number of F. 
enigmaticus individuals (abundance) per invaded pool (i). Data were collected in 2014 and are presented as monthly means (± SD). 

 

Results 

The highest mean TSS and POM values were recorded 
during summer (supplementary material Table S1). 
The lowest mean TSS was recorded during spring. 
The lowest mean POM, highest mean turbidity and 
highest mean chl-a were recorded during autumn. 
Temperature was lowest in winter and highest in 
summer (Table S1, Figure 3). In general, all pools 
were colder and saltier in autumn and winter and 
warmer and fresher in spring and summer. Mean DO 
ranged between 8 and 12 mg.l-1 and mean pH was 
approximately 8 in all pools. While both invaded and 
uninvaded pools had areas potentially available for 
settlement throughout the year (Table S1, Figure 3), 
these were significantly smaller only in uninvaded 
pools during winter. 

The density of F. enigmaticus was greatest in spring, 
reaching  mean (± SE)  values of 14.6 ± 13.0 ind.m-2 

 
(Table S1). During summer, the average increase in 
tube length reached 6.86 mm per 30 days (Figure 3). 
However, there were no significant differences in 
tube growth between seasons (ANOVA, P > 0.05). 
Individuals had an average dry mass of 0.23 ± 0.04 
mg, tube length of 21.45 ± 2.16 mm, and reached a 
biomass of up to 94.35 mg dry mass per invaded pool 
(or 23.59 mg. m-2). After a mass-mortality event at the 
end of January 2014 (coinciding with a red tide in 
the Algoa Bay area and the lowest DO readings 
recorded in the study), no live F. enigmaticus 
individuals were recorded in 3 of the invaded pools 
(site C additional pool, site B upper and additional 
pool) from February to August. However, a few 
large individuals (average biomass 0.75 ± 0.02 mg and 
tube length 27.86 ± 0.47 mm) persisted in a single 
pool (middle pool, site B) during autumn and winter 
(total dry mass: 7.47 mg or 0.62 mg.m-2). 
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Table 2. PERMANOVA test for differences in abiotic variables across F. enigmaticus invaded and uninvaded stromatolite pools (IU, fixed 
factor), pools (random factor nested in IU) and seasons (fixed factor). The degrees of freedom, df; sum of squares, SS; means squared, MS; 
pseudo – F statistic; and probability level based on 9999 random permutations, P(perm), are presented. Significant factors are in 
bold (α = 0.01). Data were collected in Eastern Cape stromatolite pools in 2014. 

Source  df  SS  MS  Pseudo-F  P(perm) 

IU  1  39.382  39.4  0.606  0.778 

Seasons  3  227.44  75.8  8.440  0.001 

Pools (IU)  6  390.07  65.0  8.488  0.001 

IU × Seasons  3  21.214  7.1  0.787  0.754 

Pools(IU) × Seasons  18  161.69  9.0  1.173  0.093 

Residuals  64  490.2  7.7  0.606  0.778 

Total  95  1330       

Table 3. Distance-based linear regression model of F. enigmaticus abundance (response) against environmental variables (predictors) 
measured in Eastern Cape stromatolite pools in 2014 (A). Sequential tests for stepwise model (R2 = 0.26), and percentage of multivariate 
variation explained by individual axes are presented (B). The most parsimonious model included number of potential substrates for 
settlement, “Substrates”; stromatolite pool water temperature, “Temp”; and available potential area for settlement, “Area”. 

A: Model summary 

Variable AICc  SS (trace)  Pseudo - F  P  Prop.  Cumul.  res. df 

Substrates 626.40  7869.0  11.80  < 0.01  0.111  0.111  94 

Temp (°C) 620.95  4761.9  7.64  < 0.01  0.068  0.179  93 

Area (m2) 613.57  5488.6  9.63  < 0.01  0.078  0.257  92 
 
B: Variation explained by axes 

Axis Individual  Cumulative  Individual  Cumulative 

 % explained variation of fitted model  % explained variation of total variation 

1 98.21  98.21  25.21  25.21 

2 1.79  100  0.46  25.67 

 

Mean ocean surface temperature was lowest in 
spring and highest in summer (January and February) 
(Figure 3). Mean swell height increased in autumn 
and peaked in winter, with this peak coinciding 
with an increase in mean salinity recorded in all 
pools in winter while the highest salinities were 
recorded in invaded pools (Table S1, Figure 3). 
There was a clear recruitment event at the onset of 
spring (August/September), during which 95 ± 49 
individuals were recorded per invaded pool (Table 
S1; Figure 3). This coincided with an increase in 
mean rainfall (> 50 mm) and a drop in mean swell 
height at the end of winter (mean swell height 
remained at approximately 3 m from August to 
December). 

Significant differences in stromatolite pool abiotic 
data were detected between seasons and pools (Table 
2). No significant differences in abiotic conditions were 
detected, however, between invaded and uninvaded 
pools. There were differences among seasons and F. 
enigmaticus presence was greater in spring when 
temperature, TSS, and POM were higher in the pools, 

while swell height was lower and ocean temperature 
was higher in the study area (Figure 4). The stepwise 
AICc analysis showed that F. enigmaticus abundance 
exhibited a significant relationship with pool tempera-
ture, number of substrates, and area potentially 
available for settlement (Table 3). However, this 
three variable model only explained 26% of the total 
variation in F. enigmaticus abundance data. 

Discussion 

Ficopomatus enigmaticus is not an obligate reef 
builder (Bianchi and Morri 2001) and occurs indivi-
dually or in small aggregations in the South African 
stromatolite pools, often attached to rocks, directly 
on stromatolites (Figure 2), or on any other available 
substrates. Availability of settlement substrates and 
water temperature appear to be the most important 
variables controlling the persistence of F. enigmaticus 
in stromatolite pools. Overall, environmental variables 
explained a low percentage of the variation in F. 
enigmaticus abundance (Table 3). This is expected 
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for a habitat generalist with wide environmental 
tolerance. However, Schwindt et al. (2004a) argued 
that habitats favoured by F. enigmaticus populations 
are very similar in their physical, chemical, and 
biological characteristics throughout the world. These 
authors also suggested that the most important variables 
that affect the spread of this species in invaded 
habitats may be salinity, nutrients (i.e., TSS, POM 
and chl-a), and environmental energy (e.g., current 
speed, or swell height as proxy). The TSS, POM and 
chl-a values measured in the current study correspond 
with the lowest recorded by Schwindt et al. (2004a) 
and therefore may partially explain the relatively 
small population size observed in stromatolite pools. 

The use of estuaries and intermittent water bodies 
as stepping stones for aquatic organisms is well-
documented (Burridge et al. 2004; Reynolds et al. 
2014; Tulbure et al. 2014). These environments 
facilitate spread, recruitment, and invasion of organisms 
by providing food (O’Sullivan et al. 2014), a favourable 
environment during a shift or an unfavourable time 
period (Hannah et al. 2014), and reducing the 
distance between suitable habitats for organisms 
with a mobile life stage (Gaines and Bertness 1992). 
Perhaps not all these factors are necessary. For example, 
habitats with unstable environmental characteristics, 
such as stromatolite pools, still appear to create 
suitable stepping stones for habitat generalists such 
as the estuarine tubeworm. 

Ficopomatus enigmaticus exhibits gregarious 
larval settlement, which is strongly affected by the 
ability of the larvae to recognise adults of their own 
species (Bianchi and Morri 1996), the nature of the 
settlement substrate, and water flow velocity 
(Kupriyanova et al. 2001). Due to their position and 
physical structure, stromatolite pools maintain 
relatively constant water levels throughout the year 
and appear to provide a degree of shelter against 
strong currents that would disrupt larval settlement. 
In agreement with Thorp (1994), the shallow depth 
of invaded pools led to the development of elevated 
temperatures during the reproductive period of F. 
enigmaticus within the stromatolites, thereby 
enhancing larval and adult growth. Indeed, invaded 
pools may reach higher temperatures than uninvaded 
pools and the ocean, during which time worm 
growth could escalate. Furthermore, when over 95% 
of the population died in invaded pools in February 
2014, a small portion of the population survived and 
persisted during the entire study period in certain 
stromatolite pools, which acted as refuges for F. 
enigmaticus. The cause of the demise of F. 
enigmaticus in February is not certain, but was 
possibly linked to a harmful algal bloom prevailing 
in the area at that time.  Red  tides can cause hypoxic 

 

 

Figure 4. PCA showing differences in abiotic data collected 
during 2014 from four invaded and four uninvaded stromatolite 
pools. The PCA is presented with labels for the different seasons 
(a) and presence/absence of F. enigmaticus (b). The first two axes 
explain 37.4% of the total variance (PC1 = 22% and PC2 = 15.4%). 

conditions that would have been lethal to F. enigma-
ticus, even though it is tolerant to low dissolved 
oxygen (Dittmann et al. 2009). 

Despite its wide salinity and temperature tolerance 
range, environmental conditions do influence growth 
rates of F. enigmaticus (Bianchi and Morri, 1996). 
Rates of tube length growth vary widely (reviewed 
in Dittmann et al. 2009). In this study, the fastest F. 
enigmaticus growth rates and greatest abundances 
were recorded in stromatolite pools during a mass 
recruitment event at the onset of Austral spring. 
However, tube growth was also not significantly 
different between seasons. Furthermore, the presence 
of empty tubes in some pools suggests that worms 
have survived in greater numbers in the past. Post-
settlement growth of F. enigmaticus juveniles is 
very fast and particularly affected by salinity and 
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temperature (Dittmann et al. 2009, and references 
therein). Once individuals settle, they can grow to 
maturity lengths of 6–10 mm in a few weeks, 
although this may vary regionally. However, 
temperatures exceeding 20ºC and salinities of 10–30 
appear to be optimal for F. enigmaticus growth 
(Tebble 1953). Ficopomatus enigmaticus is sensitive 
to reductions in temperature (Kupriyanova et al. 
2001) and, as with most invertebrates, embryonic and 
larval development time increases with decreasing 
temperatures (Kupriyanova et al. 2001). The minimum 
temperature value for spawning can vary among 
populations and is reported to range from 10 to 17°C 
(Dittmann et al. 2009). During the current study, 
average temperatures as low as 14.5°C were recorded 
in the ocean in spring, while invaded stromatolite 
pools had average temperatures > 20°C, which seem 
to be more favourable for growth and reproduction. 

Ficopomatus enigmaticus larvae are passively 
distributed by water currents (Kupriyanova et al. 
2001), and the source of the spawning event that 
resulted in the early spring recruitment in stromatolite 
pools is uncertain. Perhaps the increase in temperature 
in pools, reduction in swell height, and steady 
rainfall created the required conditions for successful 
spawning. The source of the larvae may have been 
the persisting population of large adult worms in the 
stromatolite pools. Alternatively, F. enigmaticus 
could be introduced through shipping and mariculture 
(Glasby et al. 2007), attached to debris coming from 
adjacent estuaries with larger populations, and even 
attached to large mobile organisms, such as turtles 
and crabs. Although only one period of spawning 
and settlement was observed in the current study, 
more periods are possible since different populations 
exhibit variability in settlement periods and 
reproductive activity seems to be timed to fit the 
preferred local conditions (Dittmann et al. 2009). 

As suggested by Hill (1967) for the closely related 
Ficopomatus uschakovi (Pillai, 1960), F. enigmaticus 
may have different salinity optima for survival, growth, 
and reproduction. The implication is that salinity 
fluctuations may be critical for the successful 
reproduction and development of Ficopomatus 
(Tebble 1953). Fluctuations in temperature and 
salinity may also exclude competitors and predators 
of F. enigmaticus, allowing them to recruit. Deeper 
pools are more stable in terms of temperature, but 
may also be harder to colonize due to biotic barriers 
such as increased algal growth, competition, and 
predation. Limitations on potential settlement 
substrates can result in the use of any available 
surfaces, including roots or other decomposing plant 
material, which is not ideal as the worms are bound 
to be dislodged. Dislodging may also happen when 

worms settle on brittle stromatolite deposits. 
However, they may persist for long enough to attract 
other worms and spawn. High rates of predation by 
crabs and molluscs, combined with increased competition 
for food and space with other benthic organisms, may 
explain the absence of F. enigmaticus in lower pools 
(excluded from analyses in this study). Although 
only environmental variables were considered in this 
study, biotic factors are also important and should be 
addressed in future studies. 

The filter-feeding ability of F. enigmaticus is 
remarkable, as it can affect whole ecosystems by 
removing large amounts of particulate matter from 
the water column, thus affecting primary production 
by removing phytoplankton, potentially ameliorating 
eutrophication, and decreasing overall turbidity 
(Davies et al. 1989; Bruschetti et al. 2008). 
However, the F. enigmaticus population densities in 
stromatolite pools are much lower than those in 
estuaries and lagoons where they form reefs. Based 
on clearance rate estimates of 8.59 ml.mg−1 dry mass 
of worm h−1 (Davies et al. 1989), worms in the 
current study filtered a maximum of 19 L of water 
per pool per day. Although turbidity, TSS, POM, 
and chl-a were marginally lower in some invaded 
pools compared to uninvaded pools, it remains 
inconclusive whether the feeding of F. enigmaticus 
had a significant effect in stromatolite pools. 

Wasson et al. (2001) indicated that F. enigmaticus 
and other invasive species can make use of suitable 
estuarine habitats as “stepping stones”. Interestingly, 
invasive species can be transferred via stepping stone 
habitats with potentially unfavourable environmental 
conditions (Apte et al. 2000). Land-use changes in 
the past few decades have resulted in the 
introduction of more artificial structures in aquatic 
environments and increased dumping of waste, 
especially buoyant plastic, into coastal waters, both 
of which have been linked to global increases in the 
spread and biomass of F. enigmaticus (Schwindt et 
al. 2004b; McQuaid and Griffiths 2014) and other 
invasive aquatic species (Airoldi et al. 2015; Mesel 
et al. 2015). According to Saura et al. (2013), the 
capacity of species to exploit stepping stones 
depends on species-specific life-history traits. This 
study shows that F. enigmaticus is capable of using 
small freshwater seepage areas along the South 
African coastline. Havel et al. (2005) and Johnson et 
al. (2008) reported that small reservoirs and dams 
also can facilitate the spread of invasive species into 
seemingly isolated habitats. Similarly, perhaps 
unique ecosystems, such as stromatolite pools, 
which provide suitable settlement surfaces, serve as 
stepping stones for the spread of a variety of 
organisms along the coast, including invasive species. 
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