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Abstract :   
 
Since most marine benthic species experience a pelagic larval phase, scales of dispersal are key 
determinants of population dynamics. Biologically derived marine foam has been suggested to increase 
chances of fertilisation and reduce dispersal of larvae of short-live duration (hours), thus maintaining 
localised intertidal populations. The present study examined the role sea-foam plays as a mechanism of 
physical retention/accumulation for long lived (weeks) invertebrate larvae that are relatively long-lived 
(weeks). Larvae were collected using a submersible pump at two sites along the south-east coast of South 
Africa, where intertidal assemblages are dominated by beds of mussels and barnacles. Sampling took 
place on six occasions in 2015–2016, during events of high sea-foam production and periods of no foam 
accumulation. Foam/water was collected from the surface and bottom of tidal channels. There was no 
difference in abundance of larvae of any of the invertebrate taxa examined, whether foam was present or 
absent. Regardless of foam state, barnacle and polychaete larvae were mostly associated with the 
surface of the short water column at the tidal channels. This study highlights how the very nearshore 
environment may play a key role in limiting scales of larval dispersal, but especially how the effects of 
physical processes can be taxon-specific, depending on the larval duration and characteristics. 
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Highlights 

► Invertebrate larvae of benthic taxa are associated with the surface at the sea-rock interface. ► 
Presence or absence of foam has no effect on the intertidal distribution of invertebrate benthic larvae in 
tidal channels. ► Formation of intertidal foam is associated with increased wind-driven turbulence at 
scales of 2 days. ► Preliminary indication of poor-quality food content of foam due to low PUFA 
prevalence. 
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1.1 Introduction  

Attention to marine sea-foam goes back to ancient Greek mythology. In “The Theogony”, an 8
th

-century BC poem on the 

genealogy of gods, Hesiod provides a dramatic explanation for the origin of sea-foam. The Greek primal gods, Uranus and 

Gaia, had an argument and the son Kronus, under the mother Gaia’s request, castrated his father Uranus and 52 threw his 

genitals into the sea, producing white foam. From the foam rose Aphrodite (derived from Aphro-geneia – the foam born), the 

goddess of love and beauty (Evelyn-White, 1914).  

Bio-foam on the sea surface microlayer is a common phenomenon (see Shilling & Zessner, 2011 for a review), especially 

observed in dynamic coastal boundaries exposed to seasonal or permanent wind forcing and/or upwelling shadows (Velimirov, 

1980; Graham & Largier, 1997; Jenkinson et al., 2018). The biological origin of this visco-elastic (Jenkinson, 1993; Jenkinson 

et al., 2018) mixture of surfactant proteins and carbohydrates (Schilling & 59 Zessner, 2011; Mecozzi & Pietroletti, 2016), is 

often linked to surface enrichment from phytoplankton blooms (e.g. Phaeocystis, Seuront et al., 2006, 2007) or exudates from 

aquatic vascular plants (Craig et al., 1989) and is associated with binding and transfer of energy from dissolved to particulate 

organic matter (Seuront et al., 2007). Although the autotrophic formation of foam has been linked to harmful and toxic events 

(Craig et al., 1989), the positive ecological role of foam in coastal waters as food source for primary consumers and habitat for 

the marine microbiome (Velimirov, 1980; Bärlocher et al., 1988) has also been highlighted.  

Fatty acid (FA) techniques are useful tools that highlight quality of food available to consumers, including planktotrophic larvae 

(Dalsgaard et al., 2003; Kelly & Scheibling, 2012). Polyunsaturated FA (PUFA) are mostly synthesised by primary producers 

and maintain organismal function (Parrish et al., 2000). In phytoplankton, PUFA composition varies among  



taxa, and distinguishes food-quality (high quality, e.g., diatoms or dinoflagellate; Puccinelli et al.,  

2016; low quality, e.g., cyanobacteria; Brett & Müller-Navarra, 1997).  

In marine systems, the production of sea-foam or mucilage has been ascribed a role as a dispersal agent for algae (Santelices, 

1990) and linked to synchronised mass-spawning in tunicates (Castilla et al., 2007). Given that tunicates have a very short 

dispersal phase (hours), the presence of foam can favour immediate fertilisation, and limit the dispersal capacity of larvae and, 

hence, favour settlement within parental populations (Castilla et al., 2007).  

The role of biofoam for enhancing larval retention and providing a high-quality medium has yet not been tested for taxa with 

planktotrophic larval duration longer than a few hours. Surface trapping of spores (Kohlmeyer, 1984) and plankton (Shanks et 

al., 2018) induced by the increased viscosity of the water (e.g. Seuront et al., 2010), differential settlement (Alldredge & 

Gotschalk, 1989) or changes in swimming patterns by microplankton within sea-foam (Seuront & Vincent, 2008) highlight the 

widespread potential for biological-physical coupling mediated by organic flocs (Jenkinson et al., 2015).  

By considering the physical processes that favour the formation of sea-foam and preliminarily linking it to its chemical 

composition, we hypothesised that larvae of intertidal benthic species are preferentially associated with sea-foam events as they 

facilitate accumulation within rocky shores and provide a nutrient-enriched environment. We also envisaged that during foam 

events, larvae would be more abundant at the surface than at the bottom due to the expected direct links between foam formation, 

waves and wind-driven turbulence.  

1.2 Material & Methods  

The study was carried out on six occasions at two sites on the south-east coast of South 92 Africa: Sardinia Bay (34°02'06.1"S 

25°29'17.5"E) and Seaview (34°00'24.0"S 25°20'08.5"E),  



between June 2015 and January 2016 (Fig.1), characterised by year-round presence of sea- 

foam (pers obs), encompassing the timing of local intertidal invertebrate reproduction (Porri et al., 2006; Simon & Booth 2007; 

Weidberg et al., 2019). Foam was visually present on two out of the six sampling events (June and October 2015).   

Fig. 1 Map of the study sites (Seaview and Sardinia Bay) on the south coast of South Africa. Details of the sampling 

events are also included below the map  

 

The physical characteristics of each event were determined by calculating the wind-induced upwelling index and 

turbulence from hourly wind data obtained from the South African Weather Service (SAWS) at the Port Elizabeth 

Airport weather station. These indexes were computed using standard formulations (Pringle et al., 2007) to account for 

the dynamics of wind forcing in the region (Weidberg et al., 2015, 2019). Wave height was obtained from Windguru 

predictions (NOAA Wawewatch3 global model), for the 7 days preceding each  



sampling. To infer the effect of wind forcing on swell dynamics and its time scales,  

temporal correlograms were performed between wave height and wind-derived upwelling, and turbulence averaged over 1 to 7 

days prior to each sampling.  

Larval samples were collected during ebbing tides, from waters adjacent to rocks where the mussels Perna perna and Mytilus 

galloprovincialis co-exist (Bownes & McQuaid, 2006). At each site, water/foam samples were collected from two tidal 

channels, ≅300m apart. During foam events, sampling occurred over at least three large patches (minimum 2X1m) of foam. At 

each channel, two 25-L water samples from the surface and bottom respectively were filtered through a 75µm sieve using a 

rechargeable pump (TruePower; 12V DC, flow rate, 760 Lh
-1

). All samples were preserved in ethanol and transported to the 

laboratory for identification.  

To assess whether foam enhances food quality for larvae, samples of surface water were collected to determine the FA 

composition of suspended particulate matter (SPM) during foam and non-foam events. Three 2-L samples were collected from 

each channel during the last four sampling events (October, November, December and January). Water samples were filtered 

(< 5cm Hg vacuum) onto pre-combusted (450°C) GF/F filters (0.7 μm pore size and 47 mm diameter). The SPM samples were 

flash-frozen in liquid nitrogen and transferred to a -80 °C freezer until further processing. Total lipids were extracted and trans-

esterified using a modified Indarti on-step procedure (Indarti et al. 2005), described in Puccinelli et. al 2018.  

We performed a multivariate permutational analysis for unbalanced data (Permanova; Anderson, 2001), to investigate the 

effects of Event (sampling occasions of foam or no foam occurrence; 6 levels, fixed factor), Site (nested in event; 2 levels, 

random factor) and Depth (2 levels, fixed factor), on the abundance of early stages of taxa of invertebrate larvae (polychaete 

trochophores; mussel veligers; barnacle nauplii). Permanova was based on 9999 permutations of residuals under a reduced 

model on the Bray-Curtis resemblance matrix  



of larval abundances, after verifying homoscedascity of data (Permdisp, Anderson et al., 2008). After square-root 

transformation, the FA composition of the foam was also investigated using the same design for the analyses of the 

invertebrate larval abundance, excluding the factor Depth and confined to the last four sampling occasions. Non-metric 

multidimensional scaling (MDS) was used to visualise differences between foam and non-foam events and SIMPER 

(similarity percentage, on Bray-Curtis dissimilarities) analyses were used to assess the FAs responsible for  pattern observed. 

All analyses were conducted using the PERMANOVA+ add-on package of PRIMER v6 (Anderson et al., 2008).  

 

1.3 Results  

Waves during foam events were more than three meters high and much higher than during no-foam events (Fig.4a).  



 

Fig. 4 a) Wave height during the study period based on 3h Windguru wave predictions. The month of sampling is indicated 

and the day of sampling is marked by arrows (red for foam events, white for non-foam events). Temporal correlograms 

between wave height and upwelling index (b) and wind-driven turbulence (c). The dashed lines show the significance level at 

α=0.05. The best and only significant association for turbulence averaged over 2 days is marked with a circle and shown in 

panel d.  



Temporal correlograms show negative negligible effects of the upwelling index on  

wave height at all time scales (Fig. 4b), while turbulence affected wave height when averaged over two days (Fig. 4c), showing 

a positive association which explained up to 69% of wave height variability (Fig. 4d).  

The results of the Permanova for larval assemblages showed a significant effect of Depth (F1, 24= 5.93, p<0.01), with more 

larvae accumulating at the surface than at the bottom, regardless of the sampling event or foam state (F5, 24= 5.93, p>0.05; Fig. 

5).  

 

Fig. 5 Mean abundance (+ SD) of polychaete, bivalve and crustacean larvae at the bottom 156 and surface cumulatively 

collected at Seaview and Sardinia Bay during the months of June, 157 July, October, November, December 2015 and 

January 2016  

SIMPER analysis showed that the structure of the assemblages differed between depths, with the surface characterised by 

barnacle larvae (12.54%), polychaetes (6.33%) and mussels (1%), whereas assemblages at the bottom constituted polychaete 

larvae (5.13%), barnacles 3.58% and mussels (1.04%).  

The FA composition of the SPM significantly differed among events (MS=1825.7, 163 Pseudo-F 6.57, p<0.01), with non-

foam events having a higher PUFA than the foam event. Foam samples presented high proportion of BAME, 14:0, 16:3n-4, 

18:1n-9, 20:4n-6 and 22:6n-3, whereas non-foam events were typified by 18:0, 18:2n-6, 20:5n-3 and 22:2n-6.  



Table 1. Total fatty acid (TFA) composition of suspended organic matter (SPM) from foam and non-foam events. Values are 

percentages expressed as mean ± standard deviation. Only FA >1 % are displayed. BAME = Bacterial Fatty Acids, SFA = Saturated 
Fatty Acids, MUFA = Monounsaturated Fatty Acids, PUFA = Polyunsaturated Fatty Acids, EFA = Essential Fatty Acids. 171  

 

1.5 Discussion  

Foam events were physically and biochemically well characterised during this study, although only one event of foam was 

assessed for FA. Knowledge of the influence of onshore winds and wind-driven breaking waves (Cooper & Jackson, 2001; 

Jenkinson et al., 2015) on foam generation and its persistence in the intertidal is longstanding (Twenhofel, 1921; Bärlocher et 

al., 1988), with wind speeds above 10m s
-1 

triggering such phenomenon (Velimirov, 1980). Our time series data suggested 

that high swells were associated with increased wind-driven turbulence on scales of 2 days, but not with 

downwelling/upwelling events. Thus, wave height depended on wind magnitude rather than on wind direction, The positive 

relationship between turbulence and wave height suggests that if the kinetic energy reaches a mean value of 2.5 e
-6 

W kg
-1 

over 

two days, 3-m waves and foam can develop, although a complete long-term record of foam events, wind data and wave 

climate for the region would be required to definitively confirm such association.  



Biochemically, water sampled during foam presence was characterised by the presence of reduced PUFA, indicating a lower 

water quality compared to non-foam events. Mucilaginous foam originated by massive blooms of colony-forming Phaeocystis 

has been linked to riverine nutrient enrichment in continental coasts in the northern hemisphere (e.g. Lancelot, 1995), which is 

commonly associated with poor water-quality conditions (Sin et al., 2013). The lower PUFA observed during the foam event 

might be the result of lipid degradation, which may occur rapidly during the last phase of biofoaming (Hamm & Rousseau, 

2003; Balzano et al., 2011) and when conditions for plankton survival are not optimal (Parrish et al., 2000; Budge 194 et al., 

2001). Alternatively, the difference in the composition between foam and non-foam events could be linked to the origin of the 

foam, which varies among different phytoplankton communities (e.g., diatom vs. dinoflagellate, (Parrish et al., 2000; Dalsgaard 

et al., 2003).  

We rejected the hypothesis of a close association of invertebrate larvae with foam events, especially at the surface of the water 

column, where viscosity should be maximal (Seuront et al., 2010; Jenkinson et al., 2018). The occurrence and distribution of 

larvae were variable, possibly linking to the variability in the timing and location of reproduction (Gaines et al., 1985; Pineda, 

2000), the complex association of wave formation nearshore and flow amplification in the surf zone adjacent the rocky shores 

(Denny et al., 2003), and the dynamic nature of wave-swept environments (Denny, 2014). Spatio-temporal variability in 

nearshore larval occurrence, even within individual reproductive seasons is common in the region of the study (Porri et al., 

2006), hence explaining the spatial patchiness in abundance of all larval taxa at the site.  



Regardless of foam state and despite all levels of variability suggested, barnacle and polychaete larvae were distinctly associated 

with the surface. Under light onshore winds and small waves, zooplankters at surface waters can be transported onshore across 

the surf zone (Morgan et al., 2017). Barnacle and polychaete larvae can afford some active twilight vertical swimming response, 

often mediated by phototaxis and ontogeny-mediated vertical swimming (Crisp & Ritz, 1973; Young & Chia, 1982), which can 

translate into effective upwards shifts, especially considering the limited depth of the tidal channels tackled during this study. 

Active swimming by polychaetes and barnacle larvae could, hence, ensure an association with the surface even in the absence 

of foam. Furthermore, an association of larvae and holoplankters is common at the surface of convergent slicks at the inshore 

waters just off the surf zone (Shanks, 1983; Pineda, 1994; Weidberg et al., 2014), hence a pervasive surface effect that is 

maintained ashore may also be a contributing factor to the present results. Moreover, a selective pressure for a close link with 

foam by short-dispersing taxa like tunicates (Castilla et al., 2007), aided by a light-driven increase in swimming speed during 

the early larval phases (Nakagawa et al., 1999) and a tendency to get entrapped in “sticky” substrata (Szewzyk et al., 1991) 

could be advantageous to reduce the risk of dispersal before competency. In contrast, taxa with longer dispersal durations may 

be able to afford such hazards, due to the relatively prolonged time spent in the pelagic environment, as well as any additional 

alternative strategies they have in place for surface maintenance. Moreover, becoming trapped within foam could be fatal to 

larvae due to the risks of greater predation by fish, cannibalism by conspecifics (especially for mussels) that dominate the 

adjacent rocky substrates (Tamburri & Zimmer-Faust, 1996; Porri et al., 2008), delayed metamorphosis (Pechenik 1990), or 

physiological failure due to increased toxicity and poor food conditions within the foam – as suggested by our study (Craig et 

al., 229 1989; Jessup et al., 2009).  



During non-foam events, the presence of sticky polysaccharides released onsite by adjacent suspension feeders (Li et al., 2008), 

as well the intertidal presence of transparent exopolymers particles (TEP) and extra-cellular polymeric  substances (EPS) 

(Berman & Passow, 2007; Wotton, 1996) on the surface microlayer can be common in coastlines dominated by large beds of 

mussels such as P. perna (Bustamante & Branch, 1996). In combination with other mechanisms, such as the increased 

turbulence at the interface of mussel beds and the mechanics of bubble formation of breaking waves (Denny, 2014), the more 

persistent presence of sticky structures provided by TEP and EPS could favour agglomeration of certain larval taxa at the 

surface. Such clustering may constitute a temporary safe space for onshore retention/progression and final site selection for 

settlement by competent stages (Zimmer et al., 2012), with no need for larvae to rely upon ephemeral and/or extreme occurrence 

of sea-foam.  

1.6 Conclusions  

While the full dynamics involved in the early/final dispersal of benthic larvae appears still complex, physical structures like 

sea-foam can favour larval surface residence, but the effectiveness of this mechanism seems taxon-, and most likely, stage-

related. Our data provided no evidence that foam serves as a means of retaining larvae of polychaetes, mussels and barnacles 

near to the shore. They did however, reveal a strong pattern of concentration of larvae in surface waters, irrespective of the 

presence or absence of foam. 
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