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Introduction

Abstract

We investigated the density-dependent and genetic relatedness that regulate the
occurrence of inter-individual (genet) fusion forming plurigenotypic organisms
in the brown alga Lessonia berteroana. Recruitment generally occurs at high den-
sities in the inter-tidal, allowing contact of neighbouring holdfasts as they grow
and expand on the substrate. Algal density, by contrast, is regulated by the
effects of herbivory and wave impact, which often lead to low holdfast density.
Herein, we investigated whether the occurrence of plurigenotypic organisms
and their genotypic composition (number of genotypes per plurigenotypic
organism) are density dependent and affected by kin selection in the inter-tidal
kelp L. berteroana. Four microsatellite loci were used to analyse DNA from 260
samples obtained from shared and non-shared holdfasts, at two sites with high
and two site with low holdfast density. Analyses showed that fusions forming
plurigenotypic organisms are extremely common. Interestingly, the frequency of
fusions was higher in low-density sites, in which 100% of the plants had at least
two genotypes and the average was 3.5. In high-density sites, 62% of plants were
plurigenotypic, with an average of 2.8 genotypes per plant. Additionally, we
found that genotypes that shared a holdfast had a significantly higher genetic
relatedness than the average in the population, compatible with a kin structure.
Density dependence and kin structure suggest that the occurrence of plurigeno-
typic organisms is linked to environmental quality, and that kin or multilevel
selection may be favouring the fusion of genetically related genets.

Nachtomy et al. 2002), the limits of the individual, as a
basic ecological and evolutionary unit, are sometimes dif-

Different units of relevance for ecological and evolution-
ary processes can be delineated, such as the population,
the family or group of related individuals, the colony and
the individual organism. As most of these units can actu-
ally be nested one into the other (e.g individuals into
colonies or families, colonies into populations; see
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ficult to define. In fact, individuals of many species live
in groups in which they find both protection against
environmental stresses (e.g. predation) and closeness to
other individuals for reproduction. The case of clumps
and colonies is particularly interesting because the func-
tional limits between the genet, issued from a single
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fertilized egg, and the individual organism that is made
of a mixture of different genets, are most often indistin-
guishable. Such findings have stimulated important
debate around the concept and definition of the individ-
ual and the organism (e.g. Santelices 1999; Nachtomy
et al. 2002; Pepper & Herron 2008). Clumps have been
reported in a wide variety of taxa, some of which are
algal species (Santelices et al. 1996, 1999, 2003; Wernberg
2005; Gonzdlez & Santelices 2008). In red algae, fusion of
individuals results in a chimeric, plurigenotypic organism
(PO), with complete loss of individual identity (Paine
1990; Santelices et al. 1996, 1999). This process, known
as coalescence in red and green algae (not formally
described in brown algae), is difficult to study in natural
populations because it occurs mainly at early microscopic
stages (e.g. spores or sporelings; Santelices et al. 1996,
1999; Santelices & Aedo 2006). As a consequence, the fac-
tors that regulate the fusion of genets have scarcely been
explored.

Two non-exclusive hypotheses can be proposed to
explain the occurrence of fusions at the holdfast level in
algal species: (i) fusions are correlated with density of
recruits, which, during their development, grow and
eventually get into such close contact with their neigh-
bours that they fuse together (i.e. they integrate their cell
lines into a single tissue) or (ii) fusions are regulated by
fitness differences between clumped and isolated genets.
In the first case, fusions are just a density-dependent pro-
cess whereas selection and adaptation can be invoked in
the second hypothesis. Evidence based on higher survival
rates of aggregates compared with isolated individuals of
red and brown algae suggests a selective advantage of
clumping (Wernberg 2005; Santelices & Aedo 2006;
Santelices & Alvarado 2008). For instance, holdfast aggre-
gations of the kelp Ecklonia radiata have been observed at
higher frequencies in exposed areas than in more pro-
tected ones, suggesting that aggregation reduces mortality
from dislodgement in exposed areas (Wernberg 2005).

Based on field observations of tagged sporophytes,
Vdsquez et al. (2008) and Rodriguez et al. (2014) showed
that fusions of individuals forming a PO might be recur-
rent in the kelp Lessonia berteroana Montagne (formerly
Lessonia nigrescens, Gonzdlez et al. 2012). This species
dominates the low inter-tidal rocky shores of Chile and
southern Peru (Hoffmann & Santelices 1997) and its
structure consists of a massive holdfast attached to the
rocky substrate. A variable number of stipes emerge from
the holdfast. Stipes have branches and each branch carries
one frond distally. Holdfasts grow vertically and horizon-
tally leading to contact between neighbours that progres-
sively grows, resulting in their tissues mixing and forming
a single unit that externally mimics a single organism
(Vdsquez et al. 2008). A simple expectation from this
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growth pattern is that the rate at which genets fuse
increases with density (Rodriguez et al. 2014). However,
if fusions confer some kind of advantage under stressful
environmental conditions, then the occurrence of fusions
should increase when the environment moves away from
optimal conditions for the species.

To test these predictions, we quantified the number of
different genets (i.e. multilocus microsatellite genotypes)
per plant (stipes and fronds of a single holdfast) of
L. berteroana under two contrasting densities of holdfasts
in one natural population.

In L. berteroana, density variability, spatial distribution,
establishment of new recruits, mortality rates and growth
patterns are regulated mainly by herbivory, wave impact
and intra-specific competition for hard substrate (Ojeda
& Santelices 1984; Santelices & Ojeda 1984). The
strengths of these three selective agents differ in associa-
tion with distance between holdfasts. For instance, her-
bivory increases with distance between holdfasts (Vdsquez
& Santelices 1990), which in turn reduces the net recruit-
ment of L. berteroana (Ojeda & Santelices 1984; Camus
1994). These patterns result in a general negative relation-
ship between kelp coverage and herbivore abundance
(Broitman ef al. 2001), and pinpoint herbivory as a
strong density-dependent selective pressure on L. bertero-
ana. Wave impact is another major cause of mortality in
benthic algae (Dayton et al. 1975; Vadas et al. 1990) that
is considered a selective agent driving morphological and
physiological adaptation (Vdsquez 1992; Blanchette 1997;
Martinez & Santelices 1998). Wave impact also imposes a
high dynamic pressure that can result in dislodgement or
removal of settled plants (Vadas et al. 1990, 1992). In
close holdfast proximity, the interaction between water
motion and the shape of the stipes and fronds produces a
wave movement known as the whiplash effect (WE, sensu
Dayton 1975). Owing to the WE, high holdfast density is
beneficial for kelp populations, allowing the persistence
of new recruits (Ojeda & Santelices 1984). Vdsquez
(1995) showed that when the distance between holdfasts
exceeds 2 m, the WE is reduced (i.e. the environment is
less protective), increasing herbivory. Thus, both herbiv-
ory and the WE have density-dependent effects in both
inter-tidal and subtidal Lessonia species (e.g. Lessonia tra-
beculata, Vdsquez 1992; Vdsquez & Buschmann 1997)
that lead to greater survival of plants at high holdfast
density.

High holdfast density implies intra-specific competition
for substrate and light, limiting the settlement of new
recruits (Santelices & Ojeda 1984; Andrew & Viejo 1998;
Steen & Scrosati 2004). In this context, fusions between
conspecifics may be seen as a way to increase individual
density without increasing substrate occupancy and to
avoid intra-specific competition. This kind of strategy has
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been found more frequently between kin than unrelated
individuals (Gerlach et al. 2007; Lizé et al. 2012). For
example, plants effectively experience strong social inter-
actions and kin recognition to varying physiological and
morphological responses depending on the identity of the
neighbour (de Kroon 2007; Biedrzycki et al. 2010; Wu
et al. 2013). However, as Hamilton’s (1964) rule predicts,
fusions may be an adaptive trait only if the benefits out-
weigh the costs, and close contact amongst individuals
within a holdfast is likely to induce strong competition
amongst them (Novoplansky 2009). This cost can proba-
bly be reduced if fusion occurs amongst relatives, so that
benefits are expressed in terms of inclusive fitness (i.e. the
direct contribution of each genotype to the next genera-
tion’s gene pool plus their indirect contribution through
the progeny of their relatives). Therefore, if fusion
between relatives enhances survival rate, then positive kin
selection is a likely explanation (File et al. 2013). In this
context, fusions between relatives in L. berteroana would
be more frequent in low-quality environments (i.e. low
density) in which isolated individuals (unigenotypic
organisms) may not persist.

The goal of this study was to shed light onto the fac-
tors that regulate the fusion of genets into a single organ-
ism, by assessing genetic diversity of holdfasts at low and
high plant densities and the genotypic relatedness within
plants in the kelp L. berteroana.

Material and Methods

Sampling, field measurements and DNA extraction

Tissues of Lessonia berteroana were sampled in an exten-
sive inter-tidal kelp bed in Lagunillas, Chile (30°06" S,
71°22" W) on areas showing no evidence of recent kelp
harvest. In order to test for density dependence, 12 plants
of different sizes were sampled in two sites of low hold-
fast density (LD: 0.5-1 holdfasts-m ) and two of high
holdfast density (HD: 5-8 holdfastssm2). We use the
term plant to refer to the organism identifiable macro-
scopically on the shore, and which may be made of either
a single or multiple genets.

From each of the 48 sampled plants, six tissue samples
were collected each from a different stipe selected at ran-
dom, except for some small plants (i.e. fewer than six
stipes). In these cases, the samples were taken from all the
available stipes (at least five). Fresh tissue samples of
2 cm in diameter were collected from the base of fronds
avoiding reproductive tissue and epiphytes. Collected
pieces were dried using paper towel, placed in sealed indi-
vidual bags with silica gel and stored at room temperature
until DNA extraction. DNA was extracted from 30-40 mg
of dried powdered tissue using a slightly modified version
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of the cetyltrimethyl ammonium bromide DNA extrac-
tion adding polyvinyl pyrolidone in order to remove
polyphenols (Martinez et al. 2003). Extracted DNA was
quantified in a spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA) and kept at —20 °C.

To account for the effect of plant size on the frequency
of fusions, three plant-to-plant morphometric values were
recorded for each sampled plant: maximum length, hold-
fast diameter and number of stipes. In brown algae,
growth is highly related to microhabitat conditions; thus,
kelp size is not necessarily related with age. In order to
consider genet-to-genet morphology, ie. differences
within the plant, for each sampled stipe, we recorded the
length, diameter and number of dichotomies.

Informative microsatellite loci determination

To evaluate which loci were informative for the study, 10
DNA samples from different plants were randomly picked
to explore eight microsatellite loci available for Lessonia
berteroana (Faugeron et al. 2009). PCRs were performed in
a final volume of 20 pl with: 1.5 ng DNA, 2 mm of 10x
buffer, 0.6 mm ANTP mix, 1.8 mm MgCl,, 0.2 mm of each
primer, 0.075 mg-ml~' of bovine serum albumin and
0.2 U Tag DNA polymerase (Fermentas, Vilnius, Lithuania).
Temperature cycling consisted of an initial soak of 3 min
at 95 °C, then 10 touchdown cycles at 95 °C for 45 s,
60-63 °C for 45 s and an extension of 45s at 72 °C.
Following this, 30 cycles at 95 °C for 45 s, 50 °C for 45 s,
72 °C for 45 s and a final extension of 72 °C for 7 min
were performed. Amplicons were genotyped in an ABI
Prism 3700 (Applied Biosystems, Foster City, CA, USA)
and the electrophenograms were visualized using GENE-
MARKER v. 1.81 (SoftGenetics, State College, PA, USA).

The main criteria for considering loci as informative
were the degree of polymorphism in the local population
and PCR amplification success. After checking for poly-
morphism, genotypes were analysed in MICROCHECKER
2.2 (Van Oosterhout et al. 2004) to determine the proba-
bility of null alleles. The probability of finding the same
multilocus genotype by chance twice in each site of each
density was calculated with GENEALEX v. 6 (Peakall &
Smouse 2006). It was considered a sufficient number of
informative loci when each of the 10 analysed DNA sam-
ples had different multilocus genotypes.

Multilocus genotype data analyses

Any holdfast with more than one multilocus genotype
was considered a PO. The effects of size and density were
analysed using generalized linear mixed models (GLMM:s)
with Poisson errors implemented in the Ime4 package
in the software R (R Core Team 2013). GLMMs are
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appropriate for non-normal data influenced by fixed and
random effects (Crawley 2005; Bolker et al. 2008; Grueber
et al. 2011). In each model, effects of plant morphometric
values (MV) (holdfast diameter, total length and total
number of stipes) and density (low and high, denoted as
LD and HD, respectively) in the occurrence of POs, and
their interaction, was evaluated using each of the three MV
as co-variables with the site (St) nested in density. The cor-
relation between plant length and holdfast diameter is well
known in Lessonia (Santelices 1982; Vdsquez & Santelices
1984; Vdsquez 1991); however, the correlation of these
variables and the number of stipes is not consistent and
only occurs when reproductive stipes are considered
(Vdsquez 1991). Finally, differences in the number of geno-
types between densities were evaluated in a single GLMM
using density (D) as categorical variable following the same
structure as the previous models.

Strictly, site is a random effect because all levels of that
factor are selected as a random sample from all possible
levels (sites) that could be included in the study area
(spatial pseudoreplication). So additionally, as an explor-
atory analysis of the relative importance of the factors in
the models, according to the Akaike information criterion
(AIC), the site effect was evaluated as an explanatory var-
iable with fixed effects, and in interaction with variables
that e tGLMMs showed to have a significant effect on the
number of genotypes.

Lastly, principal component analyses (PCAs) and lineal
discriminant analysis (LDA) were carried out with the log-
transformed data of the three genet-to-genet variables
(length, diameter of the stipe and number of dichotomies)
and the three plant-to-plant MV variables (holdfast diame-
ter, total length, number of stipes). The objective of these
analyses was to observe possible differences in both densities
considering genet-to-genet variance as a way to include the
morphological differences within the plant and plant-
to-plant differences between densities. Both analyses were
carried out using the MASS package, and the 95% confi-
dence ellipses were calculated with the ELLIPSE package,
both available in the CRAN R project (R Core Team 2013).

Relatedness amongst fused genets

To investigate the occurrence of kin aggregations within a
PO, we tested whether genotypes sharing a holdfast were
genetically closer than on average in the population. This
was achieved by comparing the average pairwise coeffi-
cient of relatedness R (Ritland 1996) of each plant with
the average inter-plant pairwise R. The upper limit of the
one-tailed 95% confidence interval for inter-plant R-
values for each site was determined by bootstrapping in R
(R Core Team 2013) 10,000 values of mean R amongst 10
randomly sampled (with replacement) pairwise R-values
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obtained from pairs of genotypes from different plants.
Observed intra-plant mean R-values that were higher
than the 95% limit were considered to represent a signifi-
cantly higher genetic relatedness than the background
population.

Results

Informative microsatellite loci identification

Of the eight explored microsatellite loci, four (Less1T11,
Less2D22, Less2D25 and Less2D26) were polymorphic
enough to unequivocally identify each of the 10 prelimin-
ary sampled individuals, and thus were selected to charac-
terize all samples. The probability of finding the same
multilocus genotype twice by chance using these four loci
was 9.07 x 107> £ 0.0004 and 0.001 £ 0.020 for LD
and HD, respectively.

Fusion of individuals in Lessonia berteroana

Of the 260 tissue samples analysed, from 48 plants, 150
corresponded to different individuals based on multilocus
genotypes, which correspond to a total of 39 plurigeno-
typic organisms (81.3% of the sampled holdfasts). There
was an average of 3.17 multilocus genotypes per plant, of
a maximum of six that could be detected with the sam-
pling scheme. Only 18.5% of the sampled holdfasts
showed only one multilocus genotype. By contrast, 22.9%
showed at least five different multilocus genotypes,
including small kelps (i.e. all five stipes with a different
multilocus genotype; Fig. 1).

The evaluation of the effects of plant-to-plant MV
using GLMMs revealed that neither total length nor
holdfast diameter influenced the number of genotypes
per holdfast (df: 41, P = 0.1130 and 0.1891, respectively),
even when interacting with density (df: 41, P = 0.0970
and 0.0879, respectively) (Table 1). Interestingly, the
number of genotypes varied significantly with the num-
ber of stipes per holdfast (df: 41, P = 0.00721) with a
significant effect of density in this model (df 41,
P = 0.00261), although the interaction of density with
the MV was not significant (df: 41, P = 0.15932)
(Table 1). The effect of the size, particularly with the
number of stipes as the response variable was significant
only at HD, whereas at LD there was no relationship
(Fig. 2). Moreover, holdfast density had a significant
effect on the average number of genotypes per holdfast
(df: 41, P = 0.0036; Table 1). At LD 100% of the hold-
fasts were plurigenotypic, whereas only 62.5% were at
HD. The average number of genotypes was also greater
at LD, with 3.54 genotypes per holdfast, versus 2.79 geno-
types per holdfast at HD. This suggests that plant density
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Fig. 1. Box-plot of numbers of multilocus genotypes per plant
detected at two sites (SA and SB) with high (SA-HD and SB-HD) and
two with low holdfast densities (SA-LD and SB-LD) in Lessonia
berteroana. The dashed horizontal line indicates the global average of
multilocus genotypes.

Table 1. Summary of the generalized linear mixed models using mor-
phometric values of the plants. The table shows the results of com-
paring high (H) versus low (L) holdfast density.

Model Estimate SE Z-value  P-value
Ng = D x number of stipes + St(D) (AIC: 35.79)
Intercept 0.601 0.191 3.137 >0.001
Density (H — L) 0.780 0.259 3.010 0.003*
Number of stipes 0.018  0.006 2.687  0.007*
Density H — L x number of —-0.018 0.013 —-1.407 0.159
stipes
Ng = D x total length + St(D) (AIC: 37.96)
Intercept 0.527 0.297 1.772 0.076
Density (H — L) 0.609 0.367 1.660 0.097
Total length 0.003 0.002 1.585 0.113
Density H — L x total —0.001 0.002 -0.376 0.706
length
Ng = D x holdfast diameter + St(D) (AIC: 38.14)
Intercept 0.558 0.322 1.730 0.083
Density H — L 0.622 0.364 1.706 0.087
Holdfast diameter 0.028 0.021 1313 0.189
Density H — L x holdfast —0.011 0.023 -0.466 0.641

diameter

Ng = number of genotypes; D = density; St = sites; AIC = Akaike
information criterion.
*Significant values (P < 0.05).

explains the observed data better than MV; a marginal
association between number of stipes and number of
genotypes could be observed only at HD (Fig. 2).
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Table 2. Summary of the generalized linear mixed model testing the
effect of density (D) on the number of genotypes (Ng).

Model Estimate SE Z-value P-value
Ng = D + St(D) (AIC: 22.2, df =5, k = 3)
Intercept 0.9328 0.1280 7.286 <0.001*
Density 0.4535 0.1637 2.769 0.006*

St = sites; AIC = Akaike information criterion; k = number of vari-
ables.
*Significant values (P < 0.05).

Exploring the relative weights of each factor in the
models considering the site (St) as a fixed predictor, the
model of the interaction of size and density showed low
values in terms of relative weights (according to the AICs,
Table 2), suggesting that density and size did not act
together as explanatory variables on the occurrence of
POs and the number of genotypes per holdfast. Site-to-
site density variations seem to explain the differences
between the number of POs and number of genotypes
per PO in each model (Fig. 1).

In the PCA analyses, using genet-to-genet morphologi-
cal variables, the first two axes explained 95.67% of the
total variance. The first axis was composed of the three
variables that had similar loadings, and the second axis
mainly of stipe diameter, suggesting that the three genet-
to-genet variables are associated with morphological vari-
ation between densities. The PCA showed two groups
with an overlap of a few genets that were significantly dif-
ferentiated (one-way ANOVA; F) 55 = 52.59, P < 10713
Fig. 3). In this analysis, the results showed that genets at
LD are in general smaller than at HD. The trend is more
evident for stipe diameter, which tends to be thinner at
LD than HD. The LDA approach, with one canonical dis-
criminant function (i.e. two classes: HD and LD), showed
that stipe diameter was the variable with the highest dis-
criminant coefficient. This discriminant function was able
to correctly assign 89.7% of the samples to their density.
Wrong predictions were in almost all cases (except for
one) for HD samples assigned as LD. By contrast, using
plant-to-plant MV, the PCA showed only one undistin-
guishable group and the LDA could correctly assign the
plant to the density of origin in 47.9% of cases.

Relatedness analyses

From a total of 39 POs, 15 at HD and 24 at LD, 30 (i.e.
77%) displayed an intra-plant mean relatedness signifi-
cantly higher than expected given the inter-plant pairwise
relatedness in the population (Table 3). From these 30
holdfasts, 66.6% occurred at HD and 79.16% at LD.
There was strong heterogeneity in intra-plant relatedness:
site A in HD (SA-HD) had the lowest number of plants
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the 48 analysed plants had at least two different genets.
1.6 - As for a number of red and green coalescing algae (Sante-
121 lices et al. 1999, 2003), fusion of L. berteroana at the
- holdfast level results in a single macroscopic organism in
s ’ which the different genets are indistinguishable (Rodri-
5 041 guez et al. 2014). The average number of genotypes per
= 004 " holdfasts was surprisingly high, with 11 out of 39 POs
o 041 bearing at least five genotypes. Together with the observa-
& 5 8l tion that fusions were more frequent in LD than in HD
' areas, the results indicate that the occurrence of fusions is
& not a simple consequence of holdfast proximity. There-
-1.6 1 fore, fusions do not occur during the plants’ ontogeny,
-2.0 but instead as a consequence of reduced space when

-30 -24 -18 -1.2 06 00 06 12 18 24

PC1 (77.11%)

Fig. 3. Bivariate plot of scores from principal components 1 (PC1)
and 2 (PC2) of a principal components analysis of the 260 sampled
genets of Lessonia berteroana and three  genet-to-genet
morphological values of stipes (length, diameter and number of
dichotomies). Blue points are low density and orange points are high
density; the 95% confidence ellipses for each group are shown.

(three out of seven) with significantly higher mean relat-
edness than the population level, whereas every PO in site
B (SB-HD) displayed a significantly higher intra-plant
mean R (Table 3). At LD, where relatedness is more
common, most intra-holdfast pairwise R-values were sig-
nificant, with only two and three POs from SA-LD and
SB-LD, respectively, with values within the expected
range of inter-plant values.

Discussion

Occurrence of plurigenotypic holdfasts

QOur results indicate that the formation of POs in Lessonia
berteroana is a very frequent phenomenon. Thirty-nine of
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plants grow and the increased distance between plants.
Rodriguez et al. (2014) showed that the coalescence in
L. berteroana is a continuous process in which recruits
may fuse with other isolated recruits or groups, or even
with adults and senescent plants.

This has been proved to explain the early benefits of
coalescence in microscopic stages of red algae (Santelices
et al. 1996; Santelices & Aedo 2006), which show a posi-
tive relationship between the number of coalescing spores
and the probability of survivorship (Santelices et al. 1999;
Santelices 2001, 2004). Small plants (i.e. fewer than five
stipes) of L. berteroana were found at both densities, but
at LD every small plant is formed of up to five multilocus
genotypes, giving further support for the early selection
of POs against unigenotypic organisms at LD. By con-
trast, high densities seem to result from the survival of
both uni- and plurigenotypic organisms, at least during
the early stages of kelp growth.

There are three main ways of coalescing at the micro-
scopic stages of kelps: (i) aggregated settlement of spores
within a few mm?, producing a single PO that is observa-
ble with the naked eye; (ii) recruitment of spores on top
of established holdfasts; and (iii) vegetative ramification
of the female gametophyte that then produces multiple
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Table 3. Estimates of intra- and inter-plant pairwise relatedness R-values. The number of sampled plants with more than one genotype is given

in parentheses after each R-value.

SA-HD SB-HD SA-LD SB-LD

Intra-plant pairwise R-values 0.046* (10) 0.215%* (5) 0.058* (37) 0.065* (1)
—0.006 (11) 0.094* (7) 0.030 (38) 0.094* (3)
0.023 (24) 0.624* (8 ) 0.318* (39) 0.077* (4)
0.124* (27) 0.233* (15 0.058* (40) 0.174* (6)

0.027 (28) 0.026* (16) 0.046%* (41) 0.049* (13)
0.024 (32) 0.300* (17 0.892* (42) 0.033 (22)
0.211* (33) 0.088* (19) 0.071%* (43) 0.041 (29)

0.360* (20) —0.014 (44) 0.172* (31)

0.077* (45) —0.059 (34)

0.283* (46) 0.084* (35)

0.478* (47) 0.058* (39)

0.941* (48) 0.338* (50)

One-tailed 95% confidence interval —0.123 to 0.029

for inter-plant pairwise R-values

~0.149 to 0.020 —0.169 to 0.046 —0.144 to 0.042

SA = site A; SB = site B; HD = high density; LD = low density.

*Values significantly higher than expected from one-tailed 95% (P < 0.05) confidence interval of mean inter-plant pairwise R-values.

eggs (Avila et al. 1985) that may be fertilized by different
males. The present study was not designed to discrimi-
nate amongst these possibilities. However, two major
findings of this study allow inferring on the causes of the
fusions. On the one hand, aggregated settlement should
vary amongst sites and be negatively correlated to popu-
lation density in order to explain the higher occurrence
of POs at LD than at HD. On the other hand, multiple
paternities in a single ramified female gametophyte
should create half-sib relatedness, increasing the degree of
genetic relatedness amongst genotypes within a plant,
compared with the population. Alternatively, both aggre-
gated and non-aggregated settlements occur everywhere,
but only closely settled gametophytes survive and repro-
duce. These points are discussed in the following sec-
tions.

Fusions of individuals as an environmentally mediated
process

The occurrence of intra-specific fusion in Lessonia berte-
roana appears to be strongly correlated with environmen-
tal quality, as well as in other kelps (Malm & Kautsky
2004; Wernberg 2005). Indeed, differences in population
density of L. berteroana result from environmental qual-
ity, which is heterogeneous, and optimal conditions
favour high densities. However, the negative correlation
between holdfast density and occurrence of POs strongly
suggests that POs have certain advantages over non-POs
in sub-optimal conditions, i.e. in low-density areas. Uni-
genotypic organisms only occur at HD, accounting for
75% of the small plants with fewer than five stipes,
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suggesting that optimal environmental conditions allow
recruitment and survival of the different kinds of organ-
isms (uni- and plurigenotypic), as opposed to LD. Similar
results were obtained by Malm & Kautsky (2004) for
Fucus vesiculosus, in which the proportion of fused indi-
viduals was greater in wave-exposed areas. In addition,
interestingly, our ordination analyses showed that plant
density could be effectively differentiated according to the
morphology of the stipes. As suggested by Novoplansky
(2009), plant morphology can be modified as a response
to competition in contrasting densities.

Our results suggest that the quality of the environment
for L. berteroana influences both the occurrence and
composition of the POs and stipe-to-stipe intra-plant
morphology. High density implies intra-specific competi-
tion for substrate and light. Concordantly, a positive cor-
relation between mortality of recruits and plant density
has been reported for other algae (e.g. of the genus Fucus,
Steen & Scrosati 2004). As the presence of adult conspe-
cifics inhibits recruitment (Santelices & Ojeda 1984),
fusion poses an additional challenge to each individual
genotype, by potentially adding intra-plant competition
on top of intra-population competition. A precise evalua-
tion of intra-specific competition between genets within
and between plants is necessary to further understand the
balance between environmental quality and intra-specific
competition.

Finally, our results add complexity to demographic
studies in L. berteroana that thus far have considered the
whole plant as the individual entity (e.g. Ojeda & Sante-
lices 1984; Santelices & Ojeda 1984). Our finding suggests
than rather than the whole plant, it is important to con-
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sider the stipes, which would take into account the possi-
ble differences amongst genets within a clump.

Kin aggregation

An important result of this study is the observation that
genotypes sharing a holdfast were more genetically related
than on average in the population. This kin aggregation
is not expected under the paradigm of stochastic spore
settlement (i.e. with no choice of settlement site). How-
ever, kin aggregation is increasingly being detected in
coastal species, including sessile (Veliz et al. 2006) and
mobile invertebrates (Selkoe et al. 2006), providing evi-
dence that mixing of propagules in the water column is
less extensive than previously considered.

At least three non-exclusive hypotheses could explain
this strong trend, each as post-settlement processes. First,
higher R-values can result from fusions between sporo-
phytes sharing the same mother and multiple fathers
(siblings or half-siblings). Vegetative ramification and
multiple egg production of the female gametophyte is a
common process in Laminariales (Munoz ef al. 2004;
Nelson 2004). To determine whether genotypes do corre-
spond to full or half-sibs, a higher number of loci than
studied here would be required in order to reduce
the large sampling variance that lowers the precision
of estimated relatedness (Lynch & Ritland 1999). Second,
dispersal and  settlement may be non-random.
Kin-structured dispersal (the joint dispersal of seeds or
juveniles that come from the same family or the same
mother) is an example of process that leads to kin aggre-
gation in the adult stage. It explains some cases of small-
scale genetic structure in plants (Torimaru et al. 2007)
and genetic patchiness in marine invertebrates (Johnson
& Black 1982). Such dispersal modes have been reported
in some seaweeds that bear unitary reproductive organs
like the cystocarp in red algae, which can release bunches
of spores surrounded by their maternal mucilage that
keeps the spores together until settlement (Aedo 2007).
This phenomenon seems unlikely to apply to kelps, which
release motile spores individually that can hardly main-
tain proximity with their relatives because of the turbu-
lence of the coastal waters where they are released.

The third hypothesis argues that dispersal and settle-
ment are random but survival of the young sporophytes
is determined by the genetic relatedness of the surround-
ing individuals. If fusions between genets are environ-
mentally mediated, it is possible that aggregation between
relatives provides higher benefits to the PO than non-kin
aggregates would. This scenario is possible whenever
intra-plant competition is reduced by the genetic related-
ness of individuals sharing the holdfast. This is particu-
larly noteworthy because it opens up a potential role of
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selection in determining the occurrence of kin aggrega-
tions within plants. It is not necessarily kin selection as it
is known for social animal species, particularly because
the existence of high relatedness amongst interacting indi-
viduals is not by itself sufficient evidence that kin selec-
tion is the driving force (Griffin & West 2002). In the
case of L. berteroana, genotypes within a kin aggregate
may have a higher survival up to the adult stage than
those within non-kin aggregates, as evidenced by the pre-
dominance of POs in LD areas, suggesting that kin aggre-
gation brings fitness advantages over random interaction.
In this context, every life history trait that favours the
fusion between relatives to form a PO should be selected
for, including traits at the group level (File et al. 2013).
Such multi-level selection (Wilson 1997) on group-living
traits in kelps is an interesting and testable hypothesis
that emerges from the pattern observed in this study.

Perspective: fusion of individuals as an adaptive strategy

Traditionally, Lessonia berteroana has been considered as
a unitary, aclonal species (sensu Santelices 1982), wherein
each plant corresponds to one individual (e.g. Ojeda &
Santelices 1984; Santelices & Ojeda 1984). Here, we have
shown that one organism, made up of a single holdfast
and a variable number of stipes and fronds can be com-
posed of one or more individuals, and large kelps are
most likely colonies of different genets. As several other
inter-tidal species of red and green algae share this fusion
capacity, it is possible that the phenomenon of coales-
cence in algae is an adaptation to highly stressful and het-
erogeneous environments such as the marine inter-tidal
rocky shore. Direct benefits (i.e. higher survival, protec-
tion of the recruits) to the individual genet when inte-
grated within a PO lead to the question whether fusion
or coalescence is an adaptive strategy. This may be diffi-
cult to answer because it requires characterization of the
traits of the PO that influence the individual genet, as
well as the relative contribution of the traits of the PO
and of the individual genet to the fitness of the genet. It
also requires measurement of the exact costs and benefits
of being part of a PO. So far, we have shown that the
number of stipes of the PO is correlated with the number
of genotypes, and that at LD stipes tend to be thinner
than HD. The number of stipes is a good indicator of the
reproductive potential for L. berteroana (Santelices &
Ojeda 1984), and therefore the observed morphological
differences could mean fitness differences in terms of
reproductive success.

At the individual level, a higher number of stipes in a
PO may indicate that the trade-off between sharing the
holdfast and the opportunity to produce external struc-
tures (the stipes) is reduced, as opposed to a situation in
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which the number of stipes was fixed by external factors.
The predominance of POs in LD areas suggests that ben-
efits largely exceed the eventual costs of sharing a hold-
fast, despite the plants tending to be smaller in LD than
in HD areas. Better evaluation of these trade-offs (e.g. by
quantifying the number of stipes that each genotype is
able to produce within a shared holdfast, compared with
a solitary holdfast) would allow an exact assessment of
these costs and benefits at the individual level.

Santelices (1999) showed that genetic homogeneity and
uniqueness as well as physiological autonomy of algae, are
relevant criteria to define an individual. In this context,
the limits of an individual, as a functional basic unit of
organization, may vary according to the questions
addressed, the approach developed and the model organ-
ism (Pepper & Herron 2008). For example, ramets, clones,
colonies and clumps can be defined as individual organ-
isms, although none of these would fit into the more tra-
1999).
Although an important debate is still ongoing around uni-
versal definitions of individual and organism (Nachtomy
et al. 2002; Santelices 1999; Pepper & Herron 2008 among
others), the ecological and evolutionary implications of

ditional unitary organism concept (Santelices

different ways of organization have received relatively little
attention. The propensity of most species to form groups
has been considered as an adaptation that may maximize
the inclusive fitness of the individual genotype. The adap-
tation of these concepts traditionally used in social ani-
mals to non-animal models is a most challenging
perspective of the study of plurigenotypic organisms.
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