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Abstract: Diatom community composition and abundances on different thallus parts of adult and
juvenile specimens of Ecklonia maxima and Laminaria pallida were examined in False Bay, South
Africa, using light and scanning electron microscopy. Altogether, 288 thallus portions were analysed.
Diatom abundances ranged from 0 to 404 cells mm−2 and were generally higher on E. maxima
and juvenile thalli than L. pallida and adult specimens. Moreover, diatom abundances differed
between the various thallus parts, being highest on the upper blade and lowest on the primary blade.
A total of 48 diatom taxa belonging to 28 genera were found. Gomphoseptatum Medlin, Nagumoea
Witkowski and Kociolek, Cocconeis Ehrenberg, and Navicula Bory were the most frequently occurring
genera, being present in 84%, 65%, 62.5%, and 45% of the analysed samples, respectively. Among
these, Cocconeis and Gomphoseptatum were the most abundant, contributing 50% and 27% of total
diatom cells counted collectively across all samples. Permutational multivariate analysis of variance
(PERMANOVA) revealed that all investigated main factors (kelp species and age and thallus part), as
well as their two- and three-way interactions, except for the interaction between the host species and
age, were significant. The high residual variance (72%) indicated that the sum of other unexamined
factors contributed the largest component of the variation observed in the kelp-associated diatom
communities, and grazing and possible defence strategies utilised by kelps are proposed as processes
playing an important role in the structuring of epiphytic diatom communities. Possible endophytism
of tissue-boring diatoms colonizing both kelp species is briefly discussed.

Keywords: epiphytic diatoms; diatom abundances; Cocconeis; Gomphoseptatum; macroalgae; Ecklonia
maxima; Laminaria pallida; thallus part; multivariate analyses; False Bay

1. Introduction

Kelp forests thrive along most rocky shorelines in temperate and polar waters across the globe [1].
These dynamic biogenic habitats host large biodiversity of flora and fauna, forming the basis of complex
marine food webs and providing, directly and indirectly, numerous valuable ecosystem services to
humans, including food provision, the supply of raw materials for industry, atmospheric gas balance
and climate regulation, disturbance prevention (flood buffering and storm protection), and nutrient
cycling [1,2]. Kelp thalli constitute suitable substrata for the growth of various epiphytic macro- and
micro-organisms, further contributing to the productivity of coastal environments worldwide [3].
Among epiphytic microalgae associated with kelps and other seaweeds, diatoms, which are thought
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to be responsible for at least 40% of oceanic primary production, often form the most diverse and
abundant surface-associated communities [4–9].

Macroalgae may interact with epiphytes on their surfaces by either enhancing or deterring
their growth [5,10]. Those effects may be species-specific [10–13], may be related to the host
morphology [6,7,10,14] or the thallus part [10,11,15], and may change throughout the host organism
life cycle [16]. For example, nutrients released through the surface of dying Cladophora sp. may
favour the settlement and proliferation of epiphytic diatom communities [5]. The level of epiphytic
colonisation in Ecklonia radiata (C.Agardh) J.Agardh was positively correlated with the exposure time
of the various thallus parts to the marine environment, and thus was related to the thallus age [17].
The shedding of the outer layer of the thallus (epithallus), which is often an effective mechanism
of reducing biofouling, has been reported from a number of macroalgae [18–23]. Shedding may be
intensified in young, fast-growing tissues, promoting gradients in the distribution of epiphytes on
different parts of the host macroalgal thallus [19,24,25]. Other defence strategies against epiphytes
observed in macroalgae involve the production of various antimicrobial compounds [26], which may
vary across the macroalgal thallus. For example, various parts of Ascophyllum nodosum (Linnaeus)
Le Jolis secreted significantly different concentrations of tannin that seemed to affect the epiphytic
microorganisms [27].

Diatoms are known for their excellent bio-indication properties and have long been used in
biomonitoring studies worldwide [28–30]. In the future, kelp-associated diatoms may serve as
indicators of the multifactorial changes occurring in the most vulnerable coastal ecosystems. However,
currently, little is known about either the kelp-associated diatom community composition or the
interplay between biotic and abiotic factors affecting the epiphytic assemblages. This knowledge is
required before accurate diatom-based indices of the marine habitat health can be developed. In South
Africa, studies investigating diatoms associated with local seaweeds are sparse, with most being purely
floristic surveys dating back to the 1970s [31–33]. The present study aimed to assess the influence of
host macroalga species, age, and thallus part on diatoms epiphytic on two common and commercially
valuable kelp species, Ecklonia maxima (Osbeck) Papenfuss and Laminaria pallida Greville, providing
new information on abundances and composition of kelp-associated diatom communities as well as
seaweed–diatom interactions.

2. Materials and Methods

2.1. Study Site

Kelp specimens analysed in this study were collected on 24 July 2017 by scuba diving near Miller’s
Point (34.2198◦ S, 18.6400◦ E), False Bay, South Africa (Figure 1). False Bay is a 33 km wide indentation
of the coast located between Cape Point and Cape Agulhas. The area constitutes a transition zone
between warmer southern waters and colder western waters from the Benguela Current system [34,35].
This coastal transition zone supports abundant kelp forests, with the understorey and intertidal
seaweed flora composed of species typical of both the cool west coast and the warmer south coast [36].
Temperatures within the bay are higher than on the west side of the Cape Peninsula because of solar
heating of the shallow bay waters. At Miller’s Point, where the specimens were collected, the seafloor
was mainly rocky, with patches of sand present between the kelp clusters and pavements of encrusting
coralline red algae covering the hard surfaces. The maximum depth at the sampling site was 10 m
and the water temperature recorded in situ at the time of collection was 15 ◦C (with maximum and
minimum temperatures recorded during winter 2017 being 15.2 ◦C and 12.2 ◦C, respectively).
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Figure 1. Map of South Africa showing the location of Miller´s Point, False Bay, South Africa (red point).

2.2. Material Collection

Four juvenile (less than 1.5 m long) and four adult (more than 3 m long) specimens of each of
Ecklonia maxima and Laminaria pallida were collected from arbitrarily chosen spots within a sampling
area of ca. 10 m2. Each thallus was separated into six morphologically and functionally different
parts, including the holdfast, lower stipe, upper stipe, primary blade, lower blade, and upper blade
(Figure 2). Each part was placed in a separate plastic container and fixed in a 4% formaldehyde
solution in filtered seawater immediately after collection. Subsequently, the samples were processed
in the laboratories of the Department of Biodiversity and Conservation Biology of 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).
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Figure 2. Schematic representation of adult and juvenile specimens of Ecklonia maxima and Laminaria 
pallida showing different parts of the thalli. 

2.3. Sample Processing and Microscopy 

From each kelp sample, three arbitrarily chosen 1 cm2 portions (referred to hereafter as 
“subsamples”) were cut from the surface layer. Macroscopically, the surface of the collected thalli 
appeared smooth and even, with no apparent signs of diatom biofouling. The subsamples were 
dehydrated by immersion in ethanol solutions at increasing concentrations, as described in Mayombo 
et al. [23]. Subsequently, the specimens were processed in an HCP-2 critical point dryer (Hitachi Koki 
Co., Tokyo, Japan), mounted on 13 mm aluminium stubs with adhesive carbon tape, and sputter-
coated with gold/palladium (Au/Pd) using a Q150T ES sputter coater (Quorum Technologies Ltd., 
Laughton, East Essex, United Kingdom). Diatom observations and counting were carried out at high 
magnification using an AURIGA field emission scanning electron microscope (SEM) and a LEO 1450 
SEM (Carl Zeiss Microscopy GmbH., Jena, Germany). 

A total of 288 specimens (3 subsamples from 4 replicates of 6 thallus parts collected from juvenile 
and adult specimens of two kelp species) were prepared and analysed with SEM to estimate diatom 
biofilm densities. Diatom cells attached to the dehydrated kelp subsamples were counted over a 
surface area of at least 1 mm2 on each of the specimens. For diatom identification, two or three sections 
of about 2 cm2 of the analysed thalli were digested with boiling concentrated nitric and sulphuric 
acids at a ratio of 2:1 following the protocol described by von Stosch [37]. The resulting suspension 
was repeatedly 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 (LM) observations and specimen stubs for SEM. Pleurax [38] was used to mount 
coverslips on glass slides. A Zeiss AX10 LM equipped with an Axiocam ERc 5s digital camera (Carl 
Zeiss Microscopy GmbH., Jena, Germany) was used for LM observations supplementing the SEM 
analysis. The slides and specimen stubs 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 [7,32,33,39–41]. 

2.4. Statistical Analysis 

Statistical analyses of diatom abundance data were performed using the open-source statistical 
software R version 3.5.3 [42]. The vegan package version 2.5.5 [43] and the mvabund package version 

Figure 2. Schematic representation of adult and juvenile specimens of Ecklonia maxima and Laminaria
pallida showing different parts of the thalli.

2.3. Sample Processing and Microscopy

From each kelp sample, three arbitrarily chosen 1 cm2 portions (referred to hereafter as
“subsamples”) were cut from the surface layer. Macroscopically, the surface of the collected
thalli appeared smooth and even, with no apparent signs of diatom biofouling. The subsamples
were dehydrated by immersion in ethanol solutions at increasing concentrations, as described in
Mayombo et al. [23]. Subsequently, the specimens were processed in an HCP-2 critical point dryer
(Hitachi Koki Co., Tokyo, Japan), mounted on 13 mm aluminium stubs with adhesive carbon tape, and
sputter-coated with gold/palladium (Au/Pd) using a Q150T ES sputter coater (Quorum Technologies
Ltd., Laughton, East Essex, United Kingdom). Diatom observations and counting were carried out at
high magnification using an AURIGA field emission scanning electron microscope (SEM) and a LEO
1450 SEM (Carl Zeiss Microscopy GmbH., Jena, Germany).

A total of 288 specimens (3 subsamples from 4 replicates of 6 thallus parts collected from juvenile
and adult specimens of two kelp species) were prepared and analysed with SEM to estimate diatom
biofilm densities. Diatom cells attached to the dehydrated kelp subsamples were counted over a
surface area of at least 1 mm2 on each of the specimens. For diatom identification, two or three sections
of about 2 cm2 of the analysed thalli were digested with boiling concentrated nitric and sulphuric
acids at a ratio of 2:1 following the protocol described by von Stosch [37]. The resulting suspension
was repeatedly 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
(LM) observations and specimen stubs for SEM. Pleurax [38] was used to mount coverslips on glass
slides. A Zeiss AX10 LM equipped with an Axiocam ERc 5s digital camera (Carl Zeiss Microscopy
GmbH., Jena, Germany) was used for LM observations supplementing the SEM analysis. The slides
and specimen stubs 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 [7,32,33,39–41].

2.4. Statistical Analysis

Statistical analyses of diatom abundance data were performed using the open-source statistical
software R version 3.5.3 [42]. The vegan package version 2.5.5 [43] and the mvabund package version



Diversity 2020, 12, 385 5 of 20

3.13.1 [44,45] were used for multivariate analysis of diatom assemblages. Multivariate statistical
analysis refers to the mathematical tools aimed to reduce variation in community composition and
taxon densities into visible patterns that can inform about the biotic or abiotic parameters that may
structure them [10]. Generic diatom abundance data were used rather than species abundance data
to detect the major structural patterns and avoid errors related to possible species misidentification.
The latter is common and often unavoidable in studies analysing diatom flora from very poorly
documented regions and habitats, such as the South African kelp forest.

Diatom abundance data were transformed by applying either proportion normalisation or
logarithmic standardisation. Proportion normalisation entailed dividing the count for each taxon in
a sample (cells mm−2) by the total number of all the taxa counts in that sample or total cells mm−2

(also known as Total Sum Normalisation). This form of normalisation was used to calculate and
plot the relative abundance of different epiphytic diatom genera on each analysed kelp subsample.
In addition, logarithmic standardisation, which applied the function log2 x + 1, for x > 0, where x is the
number of cells in 1 mm2, was used for multivariate statistical analyses. Both transformation methods
down-weighted the influence of the most abundant taxa on the multivariate analysis [46].

Prior to performing permutational multivariate analysis of variance (PERMANOVA) using
the vegan function ‘adonis2’, the vegan function ‘betadisper’ was used to check the multivariate
homogeneity of groups’ dispersion. Subsequently, the function ‘permutest’ was run to implement a
permutation-based test of multivariate homogeneity of group dispersions (variances) on the results of
‘betadisper’. Unconstrained ordination plots were produced by principal coordinates analysis (PCoA)
to visualise the multivariate homogeneity of group dispersion. Non-metric multidimensional scaling
(nMDS) was conducted using the vegan ‘metaMDS’ function and the Bray–Curtis similarity index
with 9999 permutations in order to visualise relationships between the samples based on distance
matrices. The ‘manyglm’ function of the mvabund package version 3.13.1 [47,48] was applied to
develop multiple univariate Generalised Linear Models (GLMs) to determine which diatom taxa were
responsible for the main differences observed between diatom assemblages on different parts of the
host kelp thalli.

3. Results

3.1. Diatom Abundances

The SEM analyses revealed that epiphytic diatoms were unevenly distributed across the various
thallus parts and subsamples (Figures 3 and 4). In general, diatoms tended to cluster within
what appeared to be damaged macroalgal tissues, microcracks, and microfolds (Figure 3A–C and
Figure 4A–C).
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Figure 3. Scanning electron microscope (SEM) micrographs showing diatom assemblages on South 
African kelps. (A–C and E) Diatoms colonising cracks in the surface layer. (B) Diatoms underneath 
the flaking kelp tissue. Arrows indicate diatoms completely covered by the thin sloughing layer. (D) 
Cocconeis costata colonising the smooth surface of the kelp thallus. (E) Rhoicosphenia flexa, 
Gomphoseptatum pseudoseptatum, and Navicula sp. (F) Gomphoseptatum pseudoseptatum. Scale bars: A, B 
and D–F = 20 µm; C = 100 µm. 

Figure 3. Scanning electron microscope (SEM) micrographs showing diatom assemblages on South
African kelps. (A–C,E) Diatoms colonising cracks in the surface layer. (B) Diatoms underneath
the flaking kelp tissue. Arrows indicate diatoms completely covered by the thin sloughing layer.
(D) Cocconeis costata colonising the smooth surface of the kelp thallus. (E) Rhoicosphenia flexa,
Gomphoseptatum pseudoseptatum, and Navicula sp. (F) Gomphoseptatum pseudoseptatum. Scale bars:
A, B and D–F = 20 µm; C = 100 µm.
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and Nagumoea sp. (arrows). (C) Assemblage dominated by Navicula spp. (D) Gomphoseptatum 
pseudoseptatum. (E) Nagumoea sp. and apical part of a cell of Gomphoseptatum pseudoseptatum (arrow) 
immersed in the kelp tissue. (F) Craspedostauros australis. Scale bars: A = 100 µm; B–D = 20 µm; E = 5 
µm; F = 10 µm. 

Figure 4. SEM micrographs showing diatom assemblages on South African kelps. (A–E) Diatoms
colonising cavities in the surface layer. (B) Rhoicosphenia genuflexa, Gomphoseptatum pseudoseptatum,
and Nagumoea sp. (arrows). (C) Assemblage dominated by Navicula spp. (D) Gomphoseptatum
pseudoseptatum. (E) Nagumoea sp. and apical part of a cell of Gomphoseptatum pseudoseptatum (arrow)
immersed in the kelp tissue. (F) Craspedostauros australis. Scale bars: A = 100 µm; B–D = 20 µm;
E = 5 µm; F = 10 µm.
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Mean absolute diatom abundances recorded on Ecklonia maxima ranged from 4 (standard deviation
(SD) 2) cells mm−2 (lower blade) to 404 (SD 647) cells mm−2 (upper blade) on adult specimens, and
from 43 (SD 66) cells mm−2 (primary blade) to 248 (SD 395) cells mm−2 (lower blade) on juvenile
specimens (Table 1). Similarly, on Laminaria pallida, the mean diatom density ranged from 7 (SD 5)
cells mm−2 (primary blade) to 120 (SD 130) cells mm−2 (lower stipe) on adults and from 38 (SD 77)
cells mm−2 (primary blade) to 187 (SD 161) cells mm−2 (holdfast) on juvenile specimens (Table 1).
On 12 subsamples, including thallus pieces of seven adult (one primary blade, three lower blade, and
three upper stipe specimens) and four juvenile (primary blade) specimens of L. pallida and one adult
specimen of E. maxima (primary blade), diatoms were not found. Those subsamples were excluded
from further analyses. In general, the highest diatom abundances were recorded on the upper blade
(197 cells mm−2; SD 376) and lower stipe (126 cells mm−2; SD 217), and the lowest on the primary
blade (27 cells mm−2; SD 52) and upper stipe (52 cells mm−2; SD 138). Diatom abundances were
higher on juvenile (114 cells mm−2; SD 218) than on adult specimens (80 cells mm−2; SD 221) and on E.
maxima (122 cells mm−2; SD 285) than on L. pallida (72 cells mm−2; SD 117; Table 1, Supplementary
Figures S1–S4).

Table 1. Mean diatom abundance (cells mm−2) and standard deviation (SD) calculated for different
thallus parts of adult and juvenile specimens of Ecklonia maxima and Laminaria pallida.

Substatum Mean Diatom Abundance SD

Ecklonia
maxima

Adult

Holdfast 39 51
Lower stipe 139 105
Upper stipe 19 14

Primary blade 21 15
Lower blade 4 2
Upper blade 404 647

Ecklonia
maxima

Juvenile

Holdfast 104 116
Lower stipe 198 400
Upper Stipe 139 258

Primary blade 43 66
Lower blade 248 395
Upper Blade 120 263

Laminaria
pallida Adult

Holdfast 73 116
Lower stipe 120 130
Upper stipe 9 15

Primary blade 7 5
Lower blade 24 69
Upper blade 110 118

Laminaria
pallida Juvenile

Holdfast 187 161
Lower stipe 49 32
Upper stipe 41 54

Primary blade 38 77
Lower blade 54 110
Upper blade 155 201

Holdfast 100 127

Lower stipe 126 217

Upper stipe 52 138

Primary blade 27 52

Lower blade 82 224

Upper blade 197 376

Adult 80 221

Juvenile 114 218

Ecklonia maxima 122 285

Laminaria pallida 72 117
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3.2. Diatom Community Composition

Forty-eight diatom taxa (28 genera) were identified during the examination of the clean diatom
material (Figures 3 and 4, Supplementary Table S1). Most of these taxa were rarely observed
during the diatom counts, and six genera, Actinoptychus Ehrenberg, Campyloneis Grunow, Delphineis
G.W.Andrews, Halamphora (Cleve) Mereschkowsky, Mastogloia Thwaites ex W.Smith, and Pleurosigma
W.Smith, were observed during the additional observations of the cleaned material only. The genera
Gomphoseptatum Medlin, Nagumoea Witkowski and Kociolek, Cocconeis Ehrenberg, and Navicula Bory
were the most frequently occurring, being present in 84%, 65%, 62.5%, and 45% of the analysed
subsamples, respectively (Figures 3–8). Among these, Cocconeis and Gomphoseptatum were the most
abundant, contributing 50% and 27% of the total diatom cells counted collectively across all subsamples,
respectively (Figures 3 and 4A,B,D,E). These two genera were sometimes observed growing in
densely packed clusters, covering a significant portion of the analysed kelp surface (Figure 3A,D).
Eight genera, including the above-mentioned Cocconeis, Gomphoseptatum, Nagumoea, and Navicula,
as well as Amphora Ehrenberg ex. Kützing, Craspedostauros E.J. Cox, Grammatophora Ehrenberg,
and Rhoicosphenia Grunow, contributed 100% of the total diatom number in at least one subsample
(Figures 3–8). On average, Cocconeis dominated in holdfast samples of L. pallida, holdfast and upper
blade samples of adult E. maxima, and almost all thallus parts (except for primary blade) of juvenile
E. maxima, with Gomphoseptatum dominating on the remaining thallus parts (Supplementary Figures
S1–S4). Typically planktonic forms, such as Cyclotella (F.T. Kützing) A. de Brébisson, Cylindrotheca
Rabenhorst, and Skeletonema Greville, were rarely observed (Figures 5–8).
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3.3. Host Kelp Species, Age, and Thallus Part Effects on Diatom Communities

The analysis of multivariate homogeneity of group dispersion testing the influence of the host
species indicated no significant differences between the two sample groups (p = 0.24; Figure 9A.
However, significant differences were found between the kelp age groups (p = 0.0033; Figure 9B) and
different thallus parts tested (p = 0.0001; Figure 9C). Although the correlation between the observed
dissimilarity and the ordination distances was high (non-metric fit, R2 = 0.96), the high stress value
(0.20) indicated a significant distortion of the two-dimensional (2D) arrangement of the sample points
displayed by the nMDS plot (Figure 10A,B).Diversity 2020, 12, x FOR PEER REVIEW 12 of 21 

 
Figure 9. Principal coordinates analysis (PCoA) plots visualising the multivariate homogeneity of 
group dispersion based on the epiphytic diatom abundances data grouped by host kelp (A) species, 
Ecklonia maxima (Em, red), Laminaria pallida (Lp, blue), (B) age, A = Adult (red), J = Juvenile (blue), and 
(C) thallus part, HF = Holdfast (red), LS = Lower stipe (green), US = Upper stipe (cyan), PB = Primary 
blade (yellow), LB = Lower blade (blue), UB = Upper blade (orange). 

Figure 9. Principal coordinates analysis (PCoA) plots visualising the multivariate homogeneity of group
dispersion based on the epiphytic diatom abundances data grouped by host kelp (A) species, Ecklonia
maxima (Em, red), Laminaria pallida (Lp, blue), (B) age, A = Adult (red), J = Juvenile (blue), and (C) thallus
part, HF = Holdfast (red), LS = Lower stipe (green), US = Upper stipe (cyan), PB = Primary blade
(yellow), LB = Lower blade (blue), UB = Upper blade (orange).



Diversity 2020, 12, 385 12 of 20

Diversity 2020, 12, x FOR PEER REVIEW 13 of 21 

 
Figure 10. Non-metric multidimensional scaling (nMDS) graphs showing distances between the 
diatom samples collected from (A) different host species and thallus parts and (B) different thallus 
parts of juvenile and adult kelps as their overall dissimilarity (two-dimensional (2D) Stress = ~0.20). 
HF = Holdfast, LB = Lower blade, LS = Lower stipe, PB = Primary blade, UB = Upper blade, US = 
Upper stipe; Em = Ecklonia maxima, Lp = Laminaria pallida; A = Adult, J = Juvenile. 

Figure 10. Non-metric multidimensional scaling (nMDS) graphs showing distances between the
diatom samples collected from (A) different host species and thallus parts and (B) different thallus
parts of juvenile and adult kelps as their overall dissimilarity (two-dimensional (2D) Stress = ~0.20).
HF = Holdfast, LB = Lower blade, LS = Lower stipe, PB = Primary blade, UB = Upper blade, US = Upper
stipe; Em = Ecklonia maxima, Lp = Laminaria pallida; A = Adult, J = Juvenile.
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PERMANOVA partitioning indicated that the epiphytic diatom community composition and
abundances on the South African kelps studied were significantly influenced by the three tested factors,
i.e., the thallus part (Sum of Squares (SS) = 8.752, R2 = 0.147, p = 0.0001; Table 2), as well as the host
species (SS = 1.701, R2 = 0.029, p = 0.0001; Table 2) and age (SS = 0.730, R2 = 0.012, p = 0.0005; Table 2).
The effects of the interactions between the factors, including the interaction between the host species
and thallus part (SS = 1.377, R2 = 0.023, p = 0.0163; Table 2), as well as the interaction between the host
age and thallus part (SS = 2.034, R2 = 0.034, p = 0.0002; Table 2), but not between the host species and
age (SS = 0.196, R2 = 0.003, p = 0.3248; Table 2), were significant. The effect of the three-way interaction
between all three tested factors on the diatom communities was also significant (SS = 1.838, R2 = 0.031,
p = 0.0003; Table 2). Nevertheless, the residual variance was high (SS = 42.989, R2 = 0.721; Table 2).

Table 2. Results of three-way crossed permutational multivariate analysis of variance (PERMANOVA)
testing for the effects of kelp species, kelp age, and thallus part on the composition and abundance of
epiphytic diatoms growing on Ecklonia maxima and Laminaria pallida.

Factor df SS R2 F p *

Species 1 1.701 0.029 9.972 0.0001
Age 1 0.730 0.012 4.278 0.0005
Part 5 8.752 0.147 10.261 0.0001

Species × Age 1 0.196 0.003 1.146 0.3248
Species × Part 5 1.377 0.023 1.615 0.0163

Age × Part 5 2.034 0.034 2.384 0.0002
Species × Age × Part 5 1.838 0.031 2.155 0.0003

Residual 252 42.989 0.721
Total 275 59.617 1.000

* Significant (p < 0.05) main effects and interactions are highlighted in bold. df : degrees of freedom; SS: sum of
squares; F: F-statistic.

The ‘manyglm’ model confirmed that the influences of all three tested factors, i.e., the host species
(p = 0.002), the host age (p = 0.005), and the thallus part (p = 0.001) on epiphytic diatom communities
were significant. Similarly, the effects of the two-way interactions between the host species and thallus
part (p = 0.001) and the host age and thallus part (p = 0.001), as well as the three-way interaction between
the host species, age, and thallus part (p = 0.001), were also significant. Univariate ‘genus by genus’
results of the ‘manyglm’ model revealed that the abundances of 11 diatom genera, including Ampohora
(p = 0.001), Cocconeis (p = 0.001), Craspedostauros (p = 0.004), Cylindrotheca (p = 0.002), Gomphoseptatum
(p = 0.001), Grammatophora (p = 0.026), Licmophora (p = 0.011), Nagumoea (p = 0.001), Navicula (p = 0.001),
Nitzschia (p = 0.017), and Rhoicosphenia (p = 0.001), were significantly influenced by the thallus part
(Figure 11). Additionally, the abundances of Cocconeis (p = 0.010) and Amphora (p = 0.047) were also
significantly affected by host species and age effects, respectively. There was no significant influence of
the two-way interaction between host species and host age. However, the abundances of Cocconeis
(p = 0.001) and Nagumoea (p = 0.011) were significantly influenced by the interaction between host
species and thallus part. Similarly, the interaction between host age and thallus part significantly
affected the abundances of Cocconeis (p = 0.001), Gomphoseptatum (p = 0.003), and Navicula (p = 0.008).
Finally, the abundances of Cocconeis (p = 0.037), Gomphoseptatum (p = 0.041), and Tabularia (p = 0.001)
were significantly influenced by the three-way interaction between host species, age, and thallus
part effects.
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4. Discussion

The current study indicated that all investigated biotic factors, i.e., the host species, age, and
different part of the thallus, significantly affected both the abundances and taxonomic composition of
the kelp-associated diatom communities. Among these, the influences of the kelp thallus part and
the host age were the most and least pronounced, respectively. The high residual variance (72%)
indicated that other factors likely contributed to the diatom community structuring. However, since
all kelp samples were collected on the same day from the same sampling spot, abiotic factors related to
seasonality and hydrological conditions of the site should be excluded as a possible explanation for the
observed patterns. Based on the SEM analysis of the kelp surface, we infer that both grazing and the
kelp response to grazer-caused damage and biofouling by epiphytes, as well as specific life strategies
employed by kelp-associated diatoms, may be responsible for a large portion of the unexplained
variation. As the diatom abundances and distribution patterns were strongly linked to the diatom
community composition and different ecological niches used by dominant diatom species, these two
community characteristics will be discussed simultaneously.
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In line with the previous findings [23], the current study indicated that diatom abundances on the
two species of South African kelps, ranging from 0 to 404 cells mm−2, were relatively low, as compared
with other studies on the densities of macroalgae-associated diatom biofilm [6,8,9,12,14,49,50].
Nevertheless, significant differences in diatom abundances were detected between the morphologically
and functionally different parts of the kelp thallus, with the primary blades [23] hosting the lowest
and the upper blades the highest number of diatoms. Differences in mean diatom abundances were
observed between different host species and age, with Ecklonia maxima and juvenile specimens hosting
more diatoms than Laminaria pallida and adult kelp individuals. Several studies have reported similarly
low diatom abundances on various kelp species [6,8,51,52], which may be related to both the specific
morphology and physiology of this group of macroalgae. It has been suggested that macro- and
micro-topographically uniform smooth blades of large kelps may not be a preferred attachment surface
for many diatom taxa [8,13,49], while epithelial cell sloughing that is most likely common in long-lived
kelps [18,19,21] would effectively limit the number of diatoms developing on the thallus. Moreover,
production of secondary metabolites is used by various kelp species to deter herbivores [53–55].
However, the bioactive compounds excreted by macroalgae may affect not only grazers but also the
microalgal biofoulers—both directly and indirectly.

Almost all kelp samples (excluding those that did not contain any diatoms) were dominated
by firmly attaching adnate Cocconeis spp. and small-celled forms from the genera Gomphoseptatum,
Navicula, Nagumoea, and Rhoicosphenia, which utilise different attachment techniques to colonise the
kelp surface. In general, diatom distribution on the kelp thallus was highly uneven, and many diatoms
(especially the erect forms such as Gomphoseptatum and Rhoicosphenia) tended to cluster in natural
(i.e., induced by the kelp physiology) and mechanically created (i.e., induced by physical abrasion
or grazing) cavities. Thus, thallus parts with a higher number of such microniches (e.g., extensively
abraded and grazed upper blades of L. pallida) tended to host more diatom cells. On the other
hand, adnate Cocconeis was sometimes present in high abundances on smooth homogenous surfaces.
The latter group of diatoms was, therefore, responsible for higher diatom abundances recorded from
thalli showing a lower degree of the surface layer damage but possibly characterised by reduced
surface layer sloughing (e.g., holdfasts).

Although the influence of secondary metabolites produced by kelps on epiphytic microalgae is not
yet well understood, diatom distribution, being strongly linked to grazing activity of herbivores, will be
indirectly affected by anti-grazing compounds excreted by the host macroalga as well as the taxonomic
composition of the local grazer communities. For example, gastropods that represent one of the most
common groups of macroalgal and epiphytic diatom grazers [56–58] feed unselectively on diatoms and
kelp tissue using radulae-structures, with which food particles are scraped off the kelp surface [59,60].
The extent and distribution of the kelp tissue damage caused by these grazers depends on the gastropod
species and type of radulae they possess [59], as not all gastropods will be able to feed on certain
kelp species or thallus parts. Holdfast and stipe are usually significantly tougher than meristem and
mid-region (primary and lower blade), whereas lamina frill (upper blade) is often less leathery and
easier to graze than all other thallus parts [61]. On the other hand, concentrations of grazer-deterring
compounds vary between different thallus parts and are generally higher in reproductive units and
physiologically essential regions (e.g., intercalary meristem and primary blade) than in vegetative
peripheral zones (e.g., upper blade) [54,61]. Thus, adnate diatom taxa (e.g., Cocconeis), which are
more susceptible to grazing by non-selective herbivores but can attach to and develop on smooth
homogenous surfaces, may gain a competitive advantage in poorly grazed thallus parts, whereas
tissue-boring forms (Gomphoseptatum, Rhoicosphenia) may prefer heavily grazed, damaged areas that
provide them access to the underlying more porous tissue layer.

The SEM observations showed that many diatoms were almost entirely immersed in the thallus
tissue. In some instances, diatom frustules were visible under the sloughing surface layer of the
kelp (Figure 3B). As cross-sections of the thallus were not analysed, it remains unknown whether
tissue-boring forms such as Gomphoseptatum pseudoseptatum (Giffen) Witkowski, Lange-Bertalot &
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Metzeltin and Rhoicosphenia genuflexa (Kützing) Medlin observed during this study are adapted to
a fully endophytic lifestyle. Moreover, it is not clear whether these diatoms caused or significantly
contributed to the further degradation of the thallus. Klotchkova et al. [62] showed that tissue damage
in two species of the red algae Neoabbottiella Perestenko was linked to the presence of a diatom identified
as Pseudogomphonema sp., that developed both in the medullar layer and cortex of the host macroalgae
as well as on its surface. Both endo- and epi-phytic forms were normally pigmented and most likely
photosynthetically active, despite the very low light intensities transmitted into the deeper layers of
the thallus, leading the authors to propose a mixotrophic mode of nutrition for this diatom taxon [62].
We speculate that tissue-boring taxa observed in the current study that share the “gomphonemoid”
shape and growth form with the endobiotic Pseudogomphonema sp. may utilise the same mechanisms
to colonise their kelp hosts. It is possible that the clavate elongated shape of the diatom frustules
represents functional morphology that facilitates spacing of the host cells and thus colonisation of
the deeper tissue layers. As previously observed by Klotchkova et al. [62], the tissue-boring diatoms,
despite causing visible tissue damage and often inducing the so-called warping of the thallus, do not
seem to change the host physiology or affect its growth rates, and their ecological role is not well
understood. It has been suggested that growth of apochlorotic and mixotrophic macroalgae-associated
endophytic diatoms is enhanced by significant amounts of extracellular carbon released from the
damaged and decaying thallus [63–65]. Interestingly, Armstrong et al. [66] observed that, on the
damaged macroalgal surface, bacterial numbers were lower when endophytic diatoms were present,
suggesting that the latter might be more efficient competitors for released dissolved organic carbon.
If so, epi- and endo-phytic diatoms may indirectly protect the host from potentially more harmful
bacterial pathogens and contribute to the macroalgal tissue sealing through the development of the
superficial warp.

It should be noted that none of the three analysed factors acted entirely independently, with most
of their interaction effects also being significant. For example, since the degree of colonisation is often
proportional to the time of exposure to marine environment [17], older thallus parts that show no
meristematic activity (e.g., upper blades) would host a higher number of epibionts. Moreover, the
external (e.g., grazing) and other host-related factors (e.g., regular external layer sloughing) would
most likely play an important role. Generally, low diatom abundances and community complexity
indicate that epiphytes on kelps are restricted due to continuous disturbance and disruption of the
biofilm at the early stages of its development. Thus, new communities established rapidly by a low
number of individuals belonging to various pioneering taxa as a result of stochastic processes may
differ substantially from the pre-existing communities dislocated by surface sloughing or destroyed by
grazers [67]. This phenomenon would further confound or mask the effects of the host species, age,
and thallus part, and may explain the relatively high variability in the present dataset.

5. Conclusions

Diatom communities associated with Ecklonia maxima and Laminaria pallida are significantly
affected by the thallus part, species, and age of their host. Other factors, such as grazing as well as
chemical (active compound production) and mechanical (cell sloughing) defence strategies against
herbivores and biofouling employed by the kelps, may also, directly and indirectly, affect the epiphytic
diatoms. Such influences may, in turn, depend on the kelp species and age and the thallus part, further
complicating the patterns of diatom colonisation.

The surfaces of E. maxima and L. pallida are dominated by strongly adhering adnate and erect
diatoms showing highly uneven distributions across the host thalli. Naturally occurring cavities
and damaged tissue are diatom abundance hot-spots and are colonised by potentially endophytic
tissue-boring diatom forms that, however, do not seem to affect the overall fitness of the host.
Further studies are required to shed more light on the physiology and ecological role of kelp-associated
diatoms and their influence on the host macroalgae.
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