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Kelp forests are believed to host a large biomass of epiphytic fauna and flora, including diatoms, which constitute
the base of aquatic food webs and play an important role in the transfer of energy to higher trophic levels.
Epiphytic diatom assemblages associated with two common species of South African kelps, Ecklonia maxima
and Laminaria pallida, were investigated in this study. Primary blades of adult and juvenile thalli of both kelp
species were sampled at False Bay in July 2017 and analysed using scanning electron microscopy. Our findings
showed that both kelp species hosted relatively low densities of diatoms (ranging from 7 [SD 5] cells mm-2
on adult specimens of L. pallida to 43 [SD 66] cells mm-2 on blades of juvenile E. maxima), with Amphora and
Gomphoseptatum reaching the highest absolute abundances. Although non-metric multidimensional scaling
showed overlapping and largely scattered sample sets, a significant relationship between the diatom communities
and the species and age of the host macroalga was detected by two-way PERMANOVA. In general, more abundant
and diverse diatom communities were observed on juvenile thalli than on adult thalli, with species belonging to
Navicula and Rhoicosphenia contributing significantly to the observed dissimilarity. Due to a significant interaction
between species and age effects, however, the overall ability of kelp species, their age, and their interaction to
explain the variation in diatom community structure was limited. We suggest that the low densities of epiphytic
diatoms were directly related to the sloughing of epithelial cells observed in both kelp species. We further speculate
that on such unstable substrata some diatom taxa might adapt to an endophytic life to avoid the antifouling

mechanisms developed by their hosts.
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Introduction

Kelps, the large brown macroalgae (Phaeophyceae,
Laminariales), colonise almost all temperate to polar
rocky shorelines throughout the world (Arnold et al. 2016;
Krumhansl et al. 2016) and constitute highly complex,
dynamic and multifunctional coastal benthic ecosystems
(Leclerc et al. 2016). Kelp forests provide distinct macro-
and micro-habitats for numerous associated biota, which
make them one of the most-productive marine environments
(Steneck et al. 2002). In southern Africa, kelp forests occur
from Cape Agulhas (South Africa) to Luderitz (Namibia),
within the rocky shorelines influenced by the cold waters of
the Benguela upwelling system (Velimirov et al. 1977; Allen
and Giriffiths 1981; Bustamante and Branch 1996). Ecklonia
maxima (Osbeck) Papenfuss and Laminaria pallida Greville
ex. J. Agardh are the dominant kelp species in this region,
with Macrocystis angustifolia Bory sometimes present in
sheltered bays. The dynamics, composition, distribution
patterns and standing crops of various macroalgal and

animal communities living within South African kelp beds
have been extensively investigated and are relatively
well documented (Velimirov et al. 1977; Bustamante et al.
1995; Browne et al. 2013). However, studies investigating
epiphytic diatom assemblages associated with local
seaweeds are sparse, with most being purely floristic
surveys dating back to the 1970s (Giffen 1971, 1973, 1976).
In many marine ecosystems, epiphytic diatoms, rather than
the basiphyte with which they are associated, constitute
the basis for much of the primary consumer productivity
(Daume et al. 1997; Kasim and Mukai 2006), and in order
to establish the trophic importance of diatoms in kelp
ecosystems, an assessment of the diversity, abundance
and distribution of these microalgae is essential.

Diatoms thrive in all aquatic, semi-aquatic, and even
moderately humid or semi-arid ecosystems throughout the
world, flourishing on muddy and sandy sediments, rocks,
aquatic plants and animals, and all non-toxic immersed

African Journal of Marine Science is co-published by NISC (Pty) Ltd and Informa UK Limited (trading as Taylor & Francis Group)

Published online 24 Jul 2019


https://orcid.org/0000-0001-6418-1419
https://orcid.org/0000-0003-2681-4304
https://orcid.org/0000-0002-3799-6126

222

Mayombo, Majewska and Smit

artificial objects (Round et al. 1990; Tiffany 2011), and
they are known to be sensitive and reliable bioindicators
of various environmental conditions (Smol and Stoermer
2010). Species composition of sessile epiphytic diatom
communities is a direct result of the particular combination
of long-term environmental factors prevailing in their
ecosystems. Therefore, it is likely that they could be used
effectively as proxies for reconstructing past climatic
conditions (Kirsten et al. 2018), and for monitoring present
multidimensional changes recently detected in South
African coastal waters (Schlegel et al. 2017a, 2017b).
Several studies have investigated epiphytic diatom
assemblages on macroalgae in different regions across
the globe (Takano 1962; Snoeijs 1994; Chung and Lee
2008; Totti et al. 2009; Majewska et al. 2013a, 2013b,
2015, 2016; Costa et al. 2014, 2016). Yet, similar reports
that focus on kelp-associated diatoms are generally very
scarce, descriptive, and geographically limited (Siqueiros-
Beltrones et al. 2002, 2014, 2016). This article aims to
provide an overview and baseline descriptions of epiphytic
diatom assemblages associated with the two most common
southern African kelp species, E. maxima and L. pallida,
at different growth stages. It is the first report presenting
and discussing local epiphytic diatom abundances and
the structural and compositional differences between
communities growing on adult and juvenile specimens.

Materials and methods

Sample collection

Kelp thalli used in this study were collected by SCUBA
diving in False Bay, South Africa, east of the Cape
Peninsula, around Miller’s Point (34.219833° S,
18.639997° E), on 24 July 2017. The sea bottom was
mainly rocky, with patches of sand present between the
kelp clusters and encrusting coralline algae covering the
hard surfaces. The maximum depth at the site was 10 m
and the water temperature recorded in situ at the time
of collection was 15 °C (with the maximal and minimal
temperatures recorded during winter 2017 being 15.2 °C
and 12.2 °C, respectively). Four juvenile (<1.5 m long) and
four adult (>3 m long) specimens of each kelp species were
collected. Immediately after collection, each thallus was
cut, fixed in a 4% formalin solution made up with filtered
seawater, and subsequently processed in the laboratories
of the Department of Biodiversity and Conservation
Biology at the University of the Western Cape (UWC,
Cape Town, South Africa) and the Unit for Environmental
Sciences and Management at North-West University
(NWU, Potchefstroom, South Africa). To avoid possible
biases due to differences in substrate morphology, only
primary blades (the primary axis and growth zone) were
chosen for further analyses. Three pieces of approximately
1 cm? of each specimen were dehydrated by immersion
in ethanol solutions at increasing concentrations (30%,
50%, 60%, 70%, 80%, 90%, 95%, and absolute ethanol),
followed by critical-point drying (HCP-2 critical point dryer,
Hitachi, Japan), before being mounted on 13-mm aluminum
stubs with adhesive carbon tape, and sputter-coated
with gold/palladium (Au/Pd) using a Q150T ES (Quorum
Technologies Ltd, UK) sputter coater. Diatom observation

and counting were carried out at high magnification using
an Auriga field emission scanning electron microscope
and a Leo 1450 scanning electron microscope (Carl
Zeiss Group, Germany). Diatom cells, still attached to the
dehydrated kelp thalli, were counted over a surface area of
at least 1 mm?2 on each of the three replicates prepared.

For taxonomic identification of diatoms, two or three
sections of about 2 cm? of the analysed thalli were
digested with boiling concentrated nitric and sulphuric
acids, at a ratio of 2:1. The resulting solutions were
repetitively centrifuged and rinsed with distilled water until
an approximately neutral pH was reached. The cleaned
diatom material was used to prepare both permanent
slides for light microscopy observations and specimen
stubs for scanning electron microscopy. The slides are
stored at the Department of Biodiversity and Conservation
Biology, UWC. All diatom frustules were identified to
at least genus level, following the available literature
(e.g. Giffen 1971, 1973, 1976; Medlin and Round 1986;
Witkowski et al. 2011; Lobban et al. 2012; Al-Handal et al.
2016).

Data analysis

All statistical analyses were performed using R 3.5.1
(R Core Team 2018), the ‘vegan’ package (version 2.5-3;
Oksanen et al. 2018), and the ‘mvabund’ package (version
3.13.1; Wang et al. 2018). Species-abundance data were
subjected to a logarithmic standardisation (log, x + 1
for x > 0, where x is the number of cells per 1 mm?), which
gives less weight to taxa present at a greater abundance
relative to those that are less abundant (Anderson et al.
2006). The multivariate homogeneity of group dispersions
(variances) was assessed using the ‘vegan’ ‘betadisper’
function, prior to undertaking a permutational multivariate
ANOVA (PERMANOVA) using the ‘vegan’ ‘adonis2’
function to test for significant differences between diatom
assemblages associated with different kelp species and
age groups (999 permutations for both ‘betadisper’ and
‘adonis2’). The ‘manyglm’ function was used (Warton
et al. 2012; Benesh and Kalbe 2016) to examine the
question of which of the diatom taxa were responsible for
differences in the main effects, and this was achieved by
examining species one at a time (i.e. multiple univariate
general linear models [GLMs]) and adjusting the p-values
for multiple comparisons in order to minimise the chance
of committing Type | errors (Wang et al. 2012). This latter
approach was used instead of the well-known SIMPER
analysis, which is unable to detect taxa that differ among
groups because of ambiguities that stem from between-
group (differences in mean) and within-group (dispersion)
effects (Warton et al. 2012). Non-metric multidimensional
scaling (nMDS) was then applied using the Bray—Curtis
similarity index, with 999 permutations to visualise the
group differences.

Results

The SEM images of both seaweed species revealed
highly homogeneous surfaces harbouring sparse diatom
assemblages (Figure 1). The average diatom cell densities
on Laminaria pallida were 7 (SD 5) cells mm— and 38
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Figure 1: Epiphytic diatoms associated with Laminaria pallida (a—d) and Ecklonia maxima (e—h) collected in False Bay, South Africa:
(a, b) Gomphoseptatum sp. on the surface of an adult thallus of L. pallida; (c) diatoms growing on juvenile L. pallida; (d) Gomphoseptatum
sp. growing on juvenile L. pallida; (e, f) diatoms growing on adult E. maxima; (g, h) diatoms dwelling in tissue of juvenile E. maxima. Scale

bars =10 ym (h); 20 ym (b, d, f); 40 pm (e); 50 ym (a, c); 100 pm (g)
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(SD 77) cells mm=2 on adult and juvenile specimens,
respectively. On Ecklonia maxima, average absolute
diatom abundances amounted to 21 (SD 15) cells mm=2
and 43 (SD 66) cells mm=2 on adult and juvenile blades,
respectively (Figure 2). Six subsamples, including five
replicates of L. pallida and one of E. maxima, contained no
epiphytic diatoms and were excluded from further analyses.
In total, 18 diatom genera were found associated with the
two host kelp species.

Differences in homogeneity of group dispersions
were not significant for either the host species or age
effects (df = 1, SS = 0.059, F = 2.609, p = 0.114 and
df =1, SS = 0.001, F = 0.060, p = 0.807, respectively)
(Figure 3a, b). The nMDS graphs showed overlapping and
largely scattered sample sets (Figure 3d, €). The analysis
indicated a strong correlation between the observed
dissimilarity and the ordination distance (R? = 0.96), with
a low stress of 0.19 (Figure 3c). Given the PERMANOVA
showing significant interaction between the species and
age effects (df = 1, SS = 0.573, F = 4.544, R? = 0.073,
p = 0.001), a large between-plant variation interacting with
kelp species and age (df = 12, SS = 3.317, F = 2.193,
R? = 0.423, p = 0.001), and the high residual variance
(df = 26, SS = 3.277, R? = 0.418), we find weak support
for asserting that the host-kelp species or age affect
diatom community structure even though the main effects
were both significant (host species: df = 1, SS = 0.299,
F=2373, R? = 0.038, p = 0.029; age: df = 1, SS = 0.373,
F=2.957, R?=0.0475, p = 0.005).

Although overall diatom community structure did not
differ between kelp species and age, the ‘manygim’
function revealed that the abundances of seven diatom
genera (Rhoicosphenia, Navicula, Grammatophora,
Nitzschia, Amphora, Cocconeis and Nagumoea) were
responsible for ~75% of the limited variance observed
between the adult and juvenile thalli, with the general
trend of higher diatom abundances for the juveniles. The
taxa whose abundances differed significantly between
adult and juvenile kelps were Navicula spp. (Wald =
3.66, p = 0.017) and Rhoicosphenia spp. (Wald = 4.06,
p = 0.004) (Figure 4), and in both instances their number
was greatest on the juvenile kelp thalli.

Discussion

The observed epiphytic diatom abundances, ranging
from 7 (SD 5) cells mm= to 43 (SD 66) cells mm=2, were
generally low, although comparable to those recorded
for other seaweed species growing in various parts of
the world (Snoeijs 1994; Totti et al. 2009; Majewska
et al. 2013a, 2013b, 2015, 2016; Majewska and De
Stefano 2015; Siqueiros-Beltrones et al. 2002, 2016;
Costa et al. 2014, 2016). Totti et al. (2009) found from
7 (SD 5) to 7 524 (SD 3 491) diatom cells mm=2 on
10 species of brown, red and green macroalgae from
coastal waters of Iceland, with the lowest and the highest
values observed on two Ochrophyta species, Laminaria
saccharina (Linnaeus) J.V. Lamouroux and Fucus
vesiculosus Linnaeus, respectively. Majewska et al.
(2013a, 2016) recorded a mean total diatom cell density
ranging from 21 (SD 13) cells mm-2 to >8 000 cells mm-2

on three red algae (Rhodophyta) species from the Ross
Sea (Antarctica), and from 2 951 (SD 78) cells mm=2 to
10 919 (SD 2 260) cells mm-2 on Plocamium cartilagineum
(Linnaeus) P.S. Dixon (Rhodophyta) from Admiralty Bay
(King George lIsland, Antarctica; Majewska et al. 2015).
Thomas and Jiang (1986), who analysed 15 species of
brown, red and green macroalgae from another Antarctic
region (Prydz Bay), reported that ubiquitous Cocconeis
spp. reached densities approaching 105 cells cm=2 (i.e.
~1 000 cells mm~2), whereas Nitzschia spp. were twice as
abundant.

Similarly, the number of diatom genera (18) found
growing epiphytically on the examined blades of
Ecklonia maxima and Laminaria pallida was relatively low,
suggesting low diatom diversity. Totti et al. (2009) found
19 diatom genera in seaweed samples from Reykjanes
Peninsula (Iceland), whereas Majewska et al. (2016)
observed 44 diatom genera associated with rhodophytes
from the Ross Sea and 21 associated with P. cartilagineum
from Admiralty Bay. Al-Handal and Wulff (2008) recorded
29 diatom genera in samples of 19 seaweed species from
Potter Cove (Antarctica), with 11 genera present in samples
of seven Phaeophyceae species. Furthermore, 29 diatom
genera were found in an analysis of three seaweed species
from northeastern Brazil (Costa et al. 2016).

It was suggested (Majewska et al. 2013a, 2013b,
2016; Costa et al. 2016) that macroalgal thalli with highly
homogeneous surfaces (micro-topography) and uniform
morphology, as in both E. maxima and L. pallida, would
host less-diverse epiphytic diatom communities due to high
competition among epiphytic organisms with overlapping
niches. This may partly explain the low numbers of diatom
taxa found in the present study. Nevertheless, it does not
explain the very low diatom abundances.

Seaweeds, including brown macroalgae, defend
themselves against both biofouling and grazers using
a range of strategies (Hellio et al. 2001; Yamamoto
et al. 2013). These may involve secretion of chemically
active metabolites, which act as antifouling or repelling
agents (Kubanek et al. 2003; Wikstrom and Pavia 2004),
or shedding of the outer layer of the thallus (epithallus)
(Moss 1982; Yamamoto et al. 2013; Halat et al. 2015). The
SEM observations confirmed that surface-cell sloughing
occurs in both kelp species examined and appears to be a
particularly efficient antifouling mechanism. We speculate
that this mechanical defence against surface colonisation
is one of the major factors that affect epiphytic diatom
communities, preventing their development into the climax
stage, which would explain the observed low similarity
levels within the examined groups of samples (classified
according to the host seaweed species and age) and would
obscure the patterns and differences in diatom composition
detected between the groups.

However, despite the apparently highly successful
antifouling strategies employed by both kelp species, we
found indications of endophytic diatom growth in areas
of presumably damaged or growing surface tissue and
natural superficial breaks (Russell and Veltkamp 1984).
This phenomenon was described by Klochkova et al.
(2014), who found an unknown endophytic species of
Pseudogomphonema (Naviculaceae, Bacillariophyceae),
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Figure 2: Mean abundances of diatom taxa on adult and juvenile thalli of Ecklonia maxima and Laminaria pallida sampled in False Bay,
South Africa, July 2017. Error bars represent standard error (SE)
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Figure 3: Unconstrained ordination diagrams. Plots produced by principal coordinates analysis (PCoA), showing the diatom assemblages
on the two host species of kelp (a) and by host age (b). (c) Shepard plot of the non-metric multidimensional scaling (hnMDS) results. nMDS
graphs based on diatom taxa abundances, showing the relationship between the diatom communities growing on both host species (d) and
by host age (e). A = adult; J = juvenile; Em = Ecklonia maxima; Lp = Laminaria pallida

which was reproducing within the medullar layer of the
host alga thallus, to be responsible for significant and
widespread tissue damage in the red alga Neoabbottiella
Perestenko (Halymeniaceae, Rhodophyta). Species of
endophytic diatoms were previously described by Hasle
(1968), who found Navicula endophytica living in the
intercellular substance of Ascophyllum nodosum (L.) Le Jolis
(Ochrophyta), and by Okamoto et al. (2003), who described
Gyrosigma coelophilum from thalli of Coelarthrum opuntia
(Endlicher) Bgrgesen (Rhodophyta). Although all aspects of
diatom endobiosis are either very poorly studied or unknown,
this kind of survival strategy and development mode may be
not uncommon in marine habitats.

According to the results of the current study, epiphytic
diatom communities were influenced by their hosts’ age,

with generally both more abundant and diverse diatom
communities found on juvenile thalli, whereas the species of
algal host seemed to be of less importance. Nevertheless,
due to a significant interaction between the two factors
tested, the overall ability of both kelp age and species to
explain the variation in diatom community structure was
low. Future investigations will aim to determine whether
the same patterns prevail on other parts of the kelp thallus,
such as the secondary blade, stipe and holdfast.
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