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This paper describes a method to study the diversity of young kelp sporophytes that are recruited from the bank of microscopic
stages. Small samples of rocky substratum (0.5 cm2) were collected from the low intertidal zone, which was dominated by the
kelp Laminaria digitata. Samples were cultivated in the laboratory under conditions permitting gametogenesis. Sporophyte
recruits in the cultures were isolated and identified at the species level using the barcoding mitochondrial marker rpl31–rns.
Sixty per cent of the collected samples had at least one to a maximum of 30 kelp recruits, belonging to five different species
(L. digitata, L. hyperborea, L. ochroleuca, Saccharina latissima and Sacchorhiza polyschides). As the examination of freshly
collected rocky samples under a stereo microscope did not reveal any kelp sporophytes, the recruitment in these samples after
culture probably occurred from the bank of microscopic forms present on the substratum. Despite the dominance of L. digitata in
the field, the young sporophytes obtained after culturing were mainly S. polyschides. This study illustrates the suitability of
culturing in combination with molecular identification of young sporophytes to address several key aspects of kelp ecology
related to the existence of a bank of microscopic stages in the field.
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Introduction

In the last decade, DNA barcoding has provided
rapid and accurate species identification of uniden-
tified and/or microscopic organisms (Pawlowski
et al., 2012). On the other hand, culturing natural
substrata is a long-standing technique used to
study the resting stages of organisms. The seedling
emergence method is one of the best known exam-
ples of this, where the soil seed bank is estimated
through the germination of soil samples (Roberts,
1981). This technique has mainly been employed
in terrestrial environments, whereas there are far
fewer studies that have investigated seed-bank
dynamics in aquatic habitats or wetlands (reviewed
by McFarland & Shafer, 2011).

In the marine environment, the existence of a
seed bank analogue formed by microscopic life-
stages has been described for a variety of seaweeds
(e.g. Chapman, 1986; Hoffmann & Santelices,
1991). Potentially, therefore, methods of rocky
substratum culturing could be employed to study
the ecological role of seed bank analogues in sea-
weeds, just as has been done in land-plant ecology.
However, surprisingly few studies have used this
methodology to investigate the biodiversity of
microscopic stages of seaweeds on rocky shores
(e.g. Müller & Ramírez, 1994; Santelices et al.,
1995). One reason may be the inherent difficulty
of identifying early-settlement stages based on
morphological criteria. However, molecular sys-
tematics can provide efficient tools for identifica-
tion of small specimens of seaweeds (e.g. Clayden
& Saunders, 2010; Manghisi et al., 2010), includ-
ing microscopic stages of kelps (Lane & Saunders,
2005; Fox & Swanson, 2007). Nevertheless, to our
knowledge, none of these studies has combined
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rocky substratum culturing with subsequent mole-
cular identification of recruits.

The lack of seaweed studies using a combination of
rocky substratum culturing and barcoding might be
due to several factors. First, the establishment of opti-
mal culture conditions for successful germination of
heterogeneous macroalgal recruits is challenging.
Moreover, early post-settlement stages of macroalgae
are sensitive to a variety of grazers and competitors
(see Vadas et al., 1992 and references therein). It is
therefore essential to sample pieces of rocky substra-
tum small enough to prevent their negative impact.
Finally, culturing natural substrata might seem out-
dated when compared with the fast-emerging field of
DNA metabarcoding using the next-generation
sequencing technologies (Taberlet et al., 2012).
However, the design of metabarcode markers suitable
for DNA amplification from environmental samples
remains problematic (Taberlet et al., 2012), whereas
classical barcode markers for a variety of seaweeds, as
well as a comprehensive library of sequences, are
available and efficient in species identification (e.g.
Engel et al., 2008; Saunders & McDevit, 2012). In
addition, substratum culturing and, to a lesser extent,
Sanger-based barcoding, are economically accessible
for the majority of laboratories.

In this study, we developed methods for combining
substratum culturing with molecular identification in
order to investigate the diversity of the kelp bank of
microscopic stages (gametophytes or embryonic spor-
ophytes). Toward this goal, we sampled natural rocky
substrata from plots located in the low intertidal zone
dominated by the kelp Laminaria digitata. We subse-
quently cultured these sampled substrata in the labora-
tory and determined the identity of each young
sporophyte that recruits from the bank of microscopic
forms to the species-level using a barcoding approach.

Materials and methods

The study was conducted in the low intertidal zone of the
Perharidy peninsula (48.73058° N, 4.00366° W) to the west
of Roscoff, on the northwest coast of Brittany, France. The
study area covered approximately 1200 m2 (46 m long by 26
m wide) and was dominated by Laminaria digitata (about 30
sporophytes m−2) even though a visual survey revealed the
presence of three other kelp species at low density (less than
one sporophyte m−2): L. hyperborea, Saccorhiza polyschides
and Saccharina latissima. In order to identify the kelps con-
stituting the bank of microscopic stages present, we hap-
hazardly sampled on 21 March 2011 one piece of
substratum (about 0.5 cm2) from each of 30 plots regularly
placed 4.5 m apart from each other, using a hammer and
chisel. Sampled substrata were placed in separate plastic
bags with seawater and brought back to the laboratory,
where we examined them under the stereo microscope for
the presence of small kelp sporophytes. The substrata were
cultivated separately in 30 ml Petri dishes in half-strength
Provasoli-enriched autoclaved seawater (Starr & Zeikus,

1993) at 10–15°C and natural daylight (north-facing roof
window). The medium was not changed during incubation.

After 50 days of culture, substratum samples were
checked carefully under the stereo microscope and the num-
ber of kelp recruits per dish was recorded. With the help of
dissecting forceps, each recruit was detached from its original
substratum and transferred to a Petri dish with new culture
medium. When they reached appropriate size for DNA
extraction (1–20 mm length), all the recruits were harvested
and preserved (−20°C) for molecular analysis.

Total DNA was extracted using ChelexTM 100 resin
(Biorad, Hercules, California, USA) according to the method
described by Goff & Moon (1993). In order to determine the
taxonomic identity of kelp recruits, we amplified c. 300 bp of
the mitochondrial intergenic spacer rpl31–rns using the pri-
mers described by Engel et al. (2008). PCR reactions were
performed in a total volume of 20 μl containing 0.5 µM of
each primer, 150 µM of each dNTP, 2 mM of MgCl2, 1 ×
GoTaq® Flexibuffer (Promega, Madison, Wisconsin, USA),
0.35 units of GoTaq® FlexiDNA polymerase (Promega)
and 4 μl of 1 : 50 diluted template DNA. The PCR reaction
was carried out in a PTC-100 thermocycler (Bio-Rad
Laboratories, Hercules, California, USA). Cycling condi-
tions consisted of an initial denaturing step of 5 min at
95°C, followed by 5 cycles of a touchdown PCR (95°C for
30 s, 60°C for 45 s and 72°C for 45 s; 1°C decrease of the
annealing temperature every cycle), 30 additional cycles
(95°C for 30 s, 55°C for 45 s, and 72°C for 45 s) and a final
elongation step of 10 min at 72°C. The presence of PCR-
amplified products was checked using agarose gels. PCR
products were purified and sequenced with both forward
and reverse primers at Genoscope facilities (Evry, France).
Chromatograms were edited using ChromasPro (www.tech-
nelysium.com.au) and only traces with high quality values
and no ambiguities were used. To identify species, sequences
were compared with those deposited in Genbank using the
basic local alignment search tool (BLAST) from NCBI
(Altschul et al., 1990).

Results

There were no kelp sporophytes or gametophytes
visible on the 30 substratum samples immediately
after their collection. However, after 50 days of cul-
ture, there were 108 thalli resembling kelp recruits in
20 of the 30 samples. These were isolated, grown
further and identified with molecular tools, resulting
in a total of 86 kelp recruits distributed among 18
substratum samples. The remaining 22 putative kelp
recruits were either kelp species for which DNA
extraction or PCR did not work or were not kelps.

The number of recruits per sample was highly vari-
able, ranging from zero to 30 young kelps grouped on
the same 0.5 cm2 size bedrock sample (mean ± SE:
2.87 ± 1.07). While eight out of the 18 samples con-
taining kelp recruits had a single individual, four
showed a number of recruits varying from two to
five, and five had a number of recruits between six
and nine. One sample had 30 recruits (Fig. 1).

The kelp recruits belonged to five different species:
Saccorhiza polyschides, Saccharina latissima,
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Laminaria digitata, L. hyperborea and L. ochroleuca
(Fig. 2). They corresponded to eight distinct haplo-
types (Table 1). Saccorhiza polyschideswas the domi-
nant species in our samples (67 individuals, 77.9%)

and exhibited three haplotypes, while L. digitata
represented only 9.3% of the recruits (8 individuals)
and had a single haplotype. Five S. latissima and five
L. hyperborea recruits (5.8%) were identified. A sin-
gle haplotype was found for L. hyperborea, whereas
two were found for S. latissima. One recruit was
identified as L. ochroleuca despite the fact we did
not detect this species in the close surrounding inter-
tidal area. In the 10 samples exhibiting more than one
recruit, six contained a single species while the
remaining four displayed at least two different species.
Five exhibited one haplotype while the other five had
several haplotypes for at least one species (Table 1).

Discussion

In this study, we successfully cultured and identified
kelp recruits from natural substratum samples of very
small size (0.5 cm2). Our method combining substra-
tum culturing and molecular identification of recruits
revealed that some of these samples exhibited both
different kelp species and different haplotypes within
species, illustrating the fact that 0.5 cm2 substratum
samples can harbour a considerable diversity at both
intra- and interspecific levels. As the examination of
freshly collected rocky samples under a stereo micro-
scope did not reveal any kelp sporophytes, the recruit-
ment in these samples after 50 days of culture
probably occurred from microscopic forms of the
kelp (i.e. from gametophytes or embryonic sporo-
phytes) and thus corresponds mainly to the bank of
microscopic forms which was present on the substra-
tum. These findings are consistent with the growing
number of field studies suggesting that kelp micro-
scopic stages are able to resist harsh conditions and
may play a crucial role in the recovery of kelp beds

Table 1. Number and haplotype identity for the 18 samples (out of 30) exhibiting recruits. Samples are numbered S1 to S30.
GenBank accession numbers are KC337288 for HSp1, KC337289 for HSp2, KC337290 for HSp3, KC337283 for HLd1, KC337286
for HSl1, KC337287 for HSl2, KC337284 for HLh1 and KC337285 for HLo1.

Laminaria digitata Laminaria hyperborea Laminaria ochroleuca Saccharina latissima Saccorhiza polyschides

S1 4 HLd1 – – – 2 HSp1
S2 – – – – 1 HSp2
S4 – – – 1 HSl2 –
S6 – – – – 6 HSp1 + 3 HSp2
S7 – – – 1 HSl1 –
S8 1 HLd1 – – – –
S11 – – – – 1 HSp1
S12 – – – – 7 HSp1 + 1 HSp2
S13 – – – – 1 HSp1
S15 1 HLd1 – – – –
S17 – – – 1 HSl1 6 HSp1
S18 – – – – 2 HSp1
S19 – 1 HLh1 1 HLo1 – 5 HSp1 + 2 HSp2
S21 – – – – 2 HSp1 + 1 HSp2
S23 – – – 1 HSl1 –
S25 – 2 HLh1 – – –
S26 2 HLd1 – – 1 HSl1 22 HSp1 + 2 HSp2 + 3 HSp3
S27 – 2 HLh1 – – –
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Fig. 1. Distribution of the numbers of recruits observed on
samples of natural rock substrata (N = 30).
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(Ladah et al., 1999; Barradas et al., 2011; Engelen
et al., 2011; Pereira et al., 2011). Recruitment from
such stages was particularly obvious in the study of
Ladah et al. (1999), who described that after the
ENSO events of 1997/1998, macroscopic sporophytes
of the giant kelpMacrocystis pyrifera completely dis-
appeared from an area located near the southern dis-
tributional limit of the species and remained absent for
at least seven months. Nevertheless, macroscopic
sporophytes appeared de novo less than one year
after their disappearance, though the nearest spore
source was more than 100 km away. Ladah et al.
(1999) suggested that microscopic stages survived
the stressful conditions of ENSO and were the source
of the recruitment, supporting the idea that a bank of
microscopic forms can survive stressful conditions.
However, in all these studies, as in ours, the life stages
of the microscopic forms (i.e. gametophytes or
embryonic sporophytes) remain uncertain.

The microscopic forms we cultured did reflect the
complement of kelp species present in the study site
but not their relative abundance. Indeed, although L.
digitata was by far the most abundant kelp species in
the field, the young sporophytes we obtained after
culturing were mainly individuals of S. polyschides.
Two different hypotheses might explain this result.
First, the bank of microscopic forms might consist
mainly of germinations from recently emitted spores,
thus inducing a bias in this case towards species
reproducing in spring: March is the peak reproductive
season for S. polyschides (Norton & Burrows, 1969),
whereas it is at the end of the reproductive period for
S. latissima (Parke, 1948) and L. hyperborea (Birkett
et al., 1998) and prior to reproduction in L. digitata
(Birkett et al., 1998). Thus, according to this first
hypothesis, the dominance of S. polyschides in the
bank of microscopic stages present in March is due
to a more intense rain of propagules. Alternatively, the
dominance of S. polyschides in the recruits might
result from differences in competitive abilities
among the different kelp species present in the bank
of microscopic forms. Indeed, S. polyschides is an
annual species and exhibits a high competitive ability
(Engelen et al., 2011; Pereira et al., 2011), whereas L.
digitata is perennial. Thus, even though the bank of
microscopic forms sampled in the field was composed
mainly of L. digitata individuals, S. polyschidesmight
have outcompeted the other kelp species present dur-
ing germination and/or growth in culture. The culture
of substratum revealed the presence of one young
sporophyte of L. ochroleuca whereas we did not
observe any adult sporophyte in the study site. This
suggests that, despite the apparent absence of adult
sporophytes, L. ochroleuca has not completely disap-
peared from the area but instead survives as micro-
scopic forms in a seed-bank analogue. This bank was
subsequently able to participate in sporophyte recruit-
ment in culture conditions and this phenomenon

might also happen in the field, producing new macro-
scopic stages under favourable conditions. This find-
ing is consistent with the fact that the proportions of
young sporophytes of L. hyperborea and S. latissima
in culture (relative to L. digitata) are more than 15
times higher than the proportion of adult sporophytes
observed in the study site, suggesting that the sporo-
phytes of these species are not all able to survive at
this intertidal level and under these hydrodynamic
conditions. These results indicate that microscopic
stages may be more tolerant of unfavourable condi-
tions (light, temperature, nutrient and hydrodynamics)
than macroscopic stages.

Gametophytes have usually been considered as the
resistant phase in kelps. To our knowledge there has
been no study investigating the longevity of these
stages in the field, although it has been suggested
they may only survive for weeks to months (Deysher
& Dean, 1984). However, in laboratory cultures,
gametophytes can survive for decades. For instance,
the oldest gametophyte strains of L. digitata available
in the Culture Collection of Algae and Protozoa
(www.ccap.ac.uk) were isolated in 1974.
Furthermore, a laboratory study has shown that kelp
gametophytes can survive 16 months in darkness and
subsequently regenerate within 1–2 months of post-
culture (tom Dieck, 1993). These findings suggest that
kelp gametophytes have the capacity to survive stress-
ful conditions in the field and to regenerate when
conditions improve. Thus, in our experiment, the
bank of microscopic stages might consist of
gametophytes.

Even though we checked substratum samples
immediately after collection, we did not observe any
gametophytes or sporophytes. There are several pos-
sible explanations. First, gametophytes and/or sporo-
phytes were present but too small to be detected by
observations under a stereo microscope. Second,
gametophytes were present on the substratum but
gametogenesis occurred quickly after sampling, trig-
gering their disappearance (Destombe & Oppliger,
2011). Finally, gametophytes were not attached
directly to the substratum but hidden as endophytes
within microscopic fragments of red algae.
Endophytic kelp gametophytes have been reported
within various red algae in several studies (Kain,
1979; Garbary et al., 1999; Hubbard et al., 2004).
As kelp gametophytes are sensitive to grazing and
sedimentation (Vadas et al., 1992), it has been sug-
gested that endophytism could provide physical pro-
tection (Garbary et al., 1999). Further investigations,
in particular involving direct detection of gameto-
phytes in the field as has been done for other brown
macroalgal species (e.g. Desmarestia ligulata:
Edwards, 2000), are necessary to discriminate
among these hypotheses.

Another feature that emerged from this experiment
was considerable disparity in the number of recruits
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per sample, some pieces of substratum (20 of the 30
samples) yielding zero or one recruits while others
produced several to many individuals from an equiva-
lent small area (0.5 cm2). This could be because,
although the areas we cultivated were very small, we
may have randomly sampled different microhabitats
resulting in a highly variable density of microscopic
stages. For instance, sampling substrata exhibiting
microscale roughness might result in higher numbers
of recruits because of spores sedimenting into crevices
and being trapped by them. Moreover, such micro-
scopic crevices could protect microscopic gameto-
phytes from grazing. Alternatively, the variation in
recruits per sample may have been because of aggre-
gated settlement of kelp spores. Aggregation of indi-
viduals is a pattern commonly observed in marine
invertebrates (Toonen & Pawlik, 2001) and has been
reported in all seaweed lineages (Dayton et al., 1984;
Callow et al., 1997; Santelices et al., 2008). Because it
ensures proximity of reproductive adults, and subse-
quently of dioecious gametophytes, gregariousness
has been described as enhancing reproductive success
(Maggs & Callow, 2003). In addition, it has been
shown to help retain moisture and reduce heat stress
during low tides among organisms living in the group
(Scrosati & DeWreede, 1998). In the particular case of
kelps, Reed et al. (1991) showed that a minimum
spore density was necessary for sporophyte produc-
tion in Pterygophora californica andMacrocystis pyr-
ifera, and more recently, Muth (2012) demonstrated
that sporophyte production significantly increased as
spores became more aggregated in the species M.
pyrifera. However, our study was not designed to
discriminate between these two hypotheses; thus, it
would be interesting to carry out a separate study to
specifically address spore settlement.

In conclusion, this paper describes an efficient
method to study the species composition of the bank
of microscopic forms of kelps and consequently to
infer the first steps of recruitment in the field. Other
methods have been developed to study the factors
influencing algal recruitment by placing artificial sub-
strata in the field and subsequently removing them
again for microscopical observations (e.g. Neushul
et al., 1976; Kennelly, 1983). Although these
approaches allow the in situ establishment of macro-
algal communities to be followed, our method has the
advantage of using natural substrata. Furthermore, the
method permits substratum-linked factors influencing
recruitment to be considered, while also allowing an
assessment of the role of microscopic resting stages in
recruitment in a climax community. Finally, as an
alternative to our approach, DNA metabarcoding of
bulk rocky substrata could have been used, without
culture and isolation of individual specimens (Taberlet
et al., 2012). However, these techniques are both
currently more expensive and more sensitive to con-
tamination (reviewed by Yoccoz, 2012) than the

method we present here. Thus, our work demonstrates
that, at a time where next-generation sequencing is
becoming widespread in modern ecology (Tautz et al.,
2010), there are still fundamental questions that can be
addressed by simple means.
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