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Abstract Lessonia berteroana is the subject of 85 % of the
total harvest of Chilean brown seaweeds, representing close to
10 % of total kelp biomass worldwide harvested for alginic
acid extraction. Frequent incidence of coalescent holdfasts
was detected in natural populations, and this process gives
rise to fused sporophytes. This study presents the coalescence
events in natural populations in northern Chile. During 2011,
in natural intertidal populations, 435 target sporophytes of
different sizes were observed weekly and 63.90 % (278)
showed physical signs of coalescent disks. We were able to
distinguish five fusion modes depending on the number and
size of each of the participant sporophytes and their spatial
distribution. There was a progressive decrease of density and
an increase in the number of stipes of each sporophyte over
time. Two processes were recognized: active fusion of juve-
nile sporophytes and passive fusion of adult and senescent
sporophytes. However, most of the coalescence processes
were detected in juvenile sporophytes with a holdfast diameter
of 0.5 to 2 cm. The minimum distance between pairs of
coalescing sporophytes was 0.5 cm, and the maximum dis-
tance was 13 cm. For good harvesting practices, it is recom-
mended that plants with over 20 cm holdfast diameter are
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harvested from natural populations because over this size, all
of the plants have reproduced. Coalescence events would
produce plants with legal size requirement; however, these
plant units would not be reproductive, affecting the sustain-
ability of this important coastal resource.

Keywords Lessonia berteroana population - Coalescence
process - Management and sustainability

Introduction

Kelp harvesting in Chile has a significant social, economic,
and ecological importance and provides 10 % of the biomass
of brown algae worldwide (FAO 2012), with annual harvested
weight of up to 300,000 dry t (Anuario SERNAPESCA 2011;
Vasquez 2008; Vasquez et al. 2012); the Lessonia nigrescens
complex contributes over 75 % of the total collected and
harvested biomass. Chilean L. nigrescens is a cryptic species
(Tellier et al. 2011) and was recently separated into two other
species (Gonzalez et al. 2012): Lessonia berteroana
Montagne which is distributed in exposed rocky intertidal
from southern Peru (17°S) to central Chile (30°S) and
Lessonia spicata (Suhr) Santelices which is distributed from
Coquimbo (30°S) to Puerto Montt (42°S). Population genetic
studies on natural populations of L. nigrescens show high
incidence of fused individual, where one holdfast had more
than 60 % of the total stipe with different genotypes (Segovia
2009; Gonzalez et al. in press).

Growth studies of L. berteroana (as L. nigrescens) in
natural populations with different intensities of harvest in
northern Chile showed a high incidence of holdfast fusion of
juvenile plants (Vasquez et al. 2008). The fusion of juvenile
sporophytes appears to be a defense mechanism against ben-
thic herbivory pressures and is a survival strategy against
mortality induced by physical events such as the dredge effect
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caused by the impact of waves and bottom currents (Segovia
2009).

Fusion or coalescence events have been recorded for red
and green algae in which a discrete entity (chimera) forms,
that is genetically heterogeneous from the joint growing of
two or more spores, seedlings, or basal portions of grown
thalli, and in which original individuals are indistinguishable
(Santelices et al. 1999; 2003; Gonzalez and Santelices 2008).
Coalescence is well described only for red algae where con-
specific individuals of equal or different height, age, or chro-
mosomal phase are fused with ecological consequences for
the individual (such as increased growth rate) and the popu-
lation (resistance to herbivory) (Maggs and Cheney 1990;
Santelices et al. 1999).

In brown algae, coalescence events are restricted to certain
records in Dictyotales where nonmotile spores frequently re-
tain the mucilage cover, allowing the adhesion with other
spores that develop together (Clayton 1992). The discrete
entities of Ascophyllum nodosum (Linnaeus) Le Jolis resulting
from coalescence of two or more zygotes that stay in one
clamping disk (Aberg 1989) suggest polygenetic “individuals”
formation. The prostrate systems of Phaeosiphoniella
cryophila and Haplospora globose Kjellman are polygenetic
multilayered disks formed by coalescence of monostromatic
plates derived from the rhizoidal system (Kuhlenkamp and
Hooper 1995). The coalescence of Sargassum muticum
(Yendo) Fensholt holdfast structures is common, resulting in
a perennial holdfast that has a unique stipe with the main
branches bearing numerous lateral branches and leaves like
air vesicles (Arenas and Fernandez 2000).

However, the high occurrence of fused organisms
(Vasquez et al. 2008; Segovia 2009; Orostica 2013; Gonzalez
et al. in press) possibly forming polygenetic “individuals”, the
coalescence mechanics between individuals and its ecological
role in nature remain unexplored. This work evaluated the
fusion process of small plants in the field, using tagged juve-
nile sporophytes and nearest neighbor distance relationships,
as critical elements to assess the formation of fused “individ-
uals”. With respect to the management of natural populations,
we hypothesize that coalescent sporophytes of commercial
size (>20 cm holdfast diameter) would not develop reproduc-
tive structures that ensure offspring, negatively affecting re-
cruitment and the renewal of wild stocks. With respect to the
persistence of natural populations, we hypothesize that coa-
lescence events would positively affect the growth and sur-
vival of juvenile sporophytes as a strategy against or refuge
from intertidal grazers.

Materials and methods

The study was conducted in intertidal areas of Punta
Lagunillas (30°06'S—70°26'W) in northern Chile. The low
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intertidal community is dominated in cover and biomass by
the brown algae L. berteroana (Hoffmann and Santelices
1997; cited as L. nigrescens) followed by the crustose calcar-
eous alga Lithothamnion sp. and small patches of the erect
crustose alga Corallina officinalis (see Camus 1994). The
benthic grazer assemblage is formed by several species of
keyhole limpets (e.g., Fissurella limbata and F. crassa),
chitons (Chiton granosus and Enoplochiton niger), sea ur-
chins (Tetrapygus niger and Loxechinus albus), and the black
snail Tegula atra.

Field evaluation and monitoring of coalescent juvenile
sporophytes of L. berteroana were done between March
and December 2011 during low tides. Two areas of 100 m*
were initially defined, where early sporophyte recruits (<1 cm
holdfast diameter), juveniles (>1<10 cm holdfast diameter),
and adult plants (with reproductive structures) were tagged
giving a total of 435 experimental individuals.

Each plant was measured using the following morpholog-
ical descriptors: holdfast diameter, number of stipes, and
maximum length. The longest stipe of each experimental plant
was marked with plastic ties and numbered consecutively. In
order to follow each experimental plant, we affixed two
stainless-steel bolts separated by 2.5 m to the rock. From these
two stainless-steel points, we measured the distance of each L.
berteroana plant. This “point-pattern based” methodology
(see Perry et al. 2002) allowed us to assign spatial coordinates
to all experimental individuals (i.e., adults, juveniles, and
recruits). Furthermore, each plant was positioned in the field
according its nearest neighbor distances to allow us to return
to the same plant and measure the same holdfast and stipes in
each successive sampling. Each plant or groups of plants were
followed up in each low tide from March to December 2011,
where fused plants would show exponential increase in hold-
fast diameter and number of stipes. In this context, the plant
fusion process involves a decrease of plant density due to
holdfast coalescence. In the experimental intertidal areas, the
coalescence process was followed up for 10 months.

In addition, during June 2011, a rocky intertidal platform
surface of approximately 4 m” was selected, wherein all L.
berteroana plants were excluded, in order to evaluate new
recruitment and initiate evaluation of juvenile sporophyte
coalescence during the high recruitment season (autumn—late
winter). The monitoring of potentially coalescing sporophytes
was performed in 16 fixed 25 cm? quadrats (covering the
entire experimental platform 4x4 m quadrats each) using
successive and random counts of the number of plants.

Statistical analysis

Each measured variable (i.e., holdfast diameter, distance be-
tween groups of individuals in the process of coalescence,
number and length of stipes) was averaged according to
sampling date. This average was compared with a one-way
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ANOVA, with time as a fixed factor (Zar 2010). The time
factor was categorized according to the sampling period: time
1 (May—June), time 2 (July—August), and time 3 (September—
October). Shapiro—Wilk’s and Cochran’s tests were used to
check and assess the normality assumptions and variances in
homogeneity, in all ANOVAs (Zar 2010). If the assumptions
of these tests were not met, the data were logarithm or square
root transformed, as appropriate (Zar 2010). The differences
found in each of the levels of the time factor (T1, T2, and T3)
were explored with a Tukey HSD a posteriori test (Zar 2010).
All statistical tests were performed in the R statistical envi-
ronment (R Development Core Team 2012) with the “stats”
package.

A regression analysis between holdfast diameter and the
distance between sporophytes groups was performed in order
to establish the relationship between the two variables (Zar
2010). This statistical test was also performed in the R statis-
tical environment (R Development Core Team 2012) with the
“stats” package.

The average density of sporophytes for each sampling date
was also calculated. This average was compared with a one-
way ANOVA, with “day” as a fixed factor (Zar 2010). This
factor was categorized according to sampling period: 110, 125,
and 153 days. Shapiro-Wilk’s and Cochran’s tests were used
to check and assess the assumptions of normality and variances
in homogeneity, and if the assumptions were not met, the data
were log-transformed (Zar 2010). The differences detected
between day factor levels (110, 125, and 153 days) were
explored with Tukey’s HSD a posteriori test (Zar 2010).

Results

In the field monitoring of 435 experimental sporophytes, the
fusion mechanism was related to natural holdfast growth,

Fig. 1 Juvenile sporophytes of
Lessonia complex. a Group of
“individuals” that will fuse their
holdfast. b Same individuals after
coalescence process (23 days)
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Fig. 2 Frequency of coalescent sporophytes in relation to the total
experimental tagged plants during study time period

which occurred in all directions. This growth gradually
decreased the distance between neighboring sporophytes
until the holdfasts were touching and then progressively
fused (Fig. 1). The fusion formed a single holdfast, where the
original ones became indistinguishable. The resulting holdfast
was always greater than each of its constituents, and its size
may be linear to the sum of its holdfast diameters. The
minimum distance between pairs of coalescing sporophytes
in each group was 0.5 cm, and the maximum was
13 cm; this interval may be considered critical fusion
distances.

The frequency of fused individuals throughout coalescence
increased significantly over time (May—November 2011)
(Fig. 2). The size of most fused holdfasts was between 0.5
and 2 cm in diameter (60.43 %; Fig. 3a), with maximal length
of plants of 10 cm (58.99 %, Fig. 3b), and 62.94 % of
experimental sporophytes having less than five stipes per
holdfast (Fig. 3c). Individual assessment of each coalescing
sporophyte group (nearest neighbor distance, Fig. 4a) showed
an increase in holdfast diameter (i.e., the formation of a fused
plant) and a decrease of distance between tagged plants during
the experimental period (ANOVA: F (2, 30)=28.35, P<0.05,
F (2, 30)=9.7, for holdfast diameter and distance between
tagged plants, respectively). The relationship analysis of the
coalescing holdfast diameters and the distances between the
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Fig. 3 Frequency of coalescence in target experimental sporophytes of
L. berteroana. a Holdfast diameter (cm), b maximal length (cm), and ¢
no. of stipes per holdfast

groups (Fig. 5) (ANOVA: F (1, 25)=7.81, P<0.050) suggests
a logarithmic growth rate of coalescence individuals.

The cleared area of adult sporophytes had visible recruits
after 110 days; from then on, this date was considered the
initial time (T1) of assessment of the density per unit area
(25 cm?). Density variation in T1 was 41-69 (x=55) sporo-
phytes, in T2 (15 days after), it was 6-27 (x=16.5) sporo-
phytes, and in T3 (28 days later), it was 6-13 (x=12.5)
sporophytes per 25 cm?, implying a progressive decrease of
density over time. The average sporophyte density differed
significantly according to sampling date (day ANOVA:
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Fig. 4 The Lessonia berteroana coalescence process (Mean+SE). a
Trends of holdfast diameter and distance between tagged sporophytes.
b Trends of morphological variables (length and number of stipes)
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Fig. 5 Relationship between holdfast diameter of tagged sporophytes
and distances between identified experimental groups of plants

F (2, 27)=72.66, P<0.05). The a posteriori Tukey test indi-
cated that there were differences between all levels of the
factor day. With respect to the stipe number per plant, a reverse
trend was observed: at the initial time (T1), the interval ranged
from 1-5 stipes/sporophyte but it reached more than 20 stipes/
sporophyte 170 days after the initial time (Fig. 6).

During the holdfast fusion process, two important phenom-
ena were distinguished: (1) “active fusion”, involving simul-
taneous growth of several individuals or group of individuals
and (2) “passive fusion”, where an adult sporophyte (>20 cm
holdfast diameter) or even a senescent holdfast recruits small
sporophytes or adds neighboring juvenile plants, which means
that larger plants are also subjected to coalescence.

Depending on the number and size of coalescent sporo-
phytes, the spatial distribution between them and the potential
genetic variability of clumping individuals, five fusion modes
occurred. In all modes, there were successive fusions of spo-
rophytes of different sizes (based on maximum length of the
stipes), which were divided into three categories: recruits (up
to 20 cm), juveniles (up to 60 cm), and adults (over 60 cm).
Sporophyte spatial distribution was random but always within
the range of critical fusion distances. Table 1 outlines the
various fusion modes, and the frequencies of occurrence of
each are included. Every instance of fusion increased genetic
variability, resulting in a fused sporophyte. Thus, more partic-
ipants in a fusion group resulted in a greater potential for
genetic variability. Consequently, it is assumed that Mode 2
has the largest genetic variability in the resulting sporophyte,
followed in descending order by Mode 3, Mode 4, Mode 1,
and Mode 5, but the true magnitude of increased genetic
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Fig. 6 Average density (Mean+SE) during the sporophyte coalescence
process according to time sampling periods
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variability established here as a qualitative category related to
the number of coalescent holdfasts. However, Mode 5 was not
recorded in our experiments (adult-senescent plants were not
marked and monitored) but was frequently observed at each
sampling date. Senescent plants were not originally consid-
ered in our observation of the coalescence process because we
considered that the coalescence process would be seen more
clearly in juvenile organisms than in old organisms. However,
temporal monitoring of experimental plants indicated that
sporophyte recruitment over adult holdfast plant occurs quite
often, as well as the fusion between adult plants and juvenile
recruits

Discussion

The social, economic, and ecological importance for Chile of
L. berteroana gives importance to the results obtained in this
study concering the high incidence of “fused individuals”
originating from coalescence processes of sporophyte basal
disks in natural populations on the rocky coast of Coquimbo
in Chile.

There are only three previous accounts of Chilean brown
algae species coalescence. In Durvillaea antarctica sporo-
phytes, which are characterized by a massive disk and fronds
that emerge from a single stipe, it is common to find individ-
uals with several stipes per disk, resulting from the coales-
cence of several embryos during settlement (Santelices et al.
1980), or from fusion of juvenile sporophytes forming a single
holdfast (Castilla and Bustamante 1989). It is also known that
Scytosiphon tenellus Kogame crustose sporophytes devel-
oped under culture-controlled conditions fused after physical
contact (Camus et al. 2005).

Our results indicate that more than 60 % of L. berteroana
sporophytes resulting from coalescence of holdfasts had a
tendency to increase the frequency of fused sporophytes,
reaching more than 80 % unitary individuals after 6 months,
which probably corresponds to permanent recruitment of new
individuals. Thus, our results suggest that natural populations
consist almost entirely of “fused individuals”. This percentage
is higher than the findings of Vasquez et al. (2008) in the same
coastline, and in Segovia (2009) this percentage was 81.25 %,
despite the loss of control of nearly 35 % of sporophytes
during the sampling period.

A L. berteroana sporophytic plant is thus a chimera that
starts with physical contact and continues with joint growth of
two or more holdfasts, wherein the participants lose their
morphological and anatomical individuality, but retain a
morpho-functional unit, being genetically heterogeneous as
described many times for red algae (Santelices 2001, 2004;
Santelices et al. 1995, 1999, 2003, 2004, 2010, 2011). In
addition, the adult sporophyte experiences several instances
of coalescence throughout its development since it is a
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progressive and sequential process that begins very early in
development and may include some or all modes of coales-
cence described here which are not exclusive and continues
even in adult plants although in passive form, judging by the
absence of coalescing pairs of adult sporophytes (larger disks
20 cm) in this study.

The coalescence process gives rise to a single morpho-
functional sporophyte that is more genetically heterogeneous
because of the diverse origin of coalescent plants. The fusion
processes occur in a higher proportion in small plants (0.5—
2 cm), as measured by all morphological indicators of growth,
showing that fusion can occur at different stages of develop-
ment. The high-fusion incidence of larger holdfasts (up 20 cm
diameter) confirms that coalescence is an active process until
the sporophyte reaches reproductive size. The adult sporo-
phyte holdfasts with passive coalescence have a morphologic
appearance, which suggests complete coalescence due to fad-
ing traces of other individual holdfasts, but it remains to be
determined whether this process also ends with a single
morpho-functional sporophyte that is genetically new. The
highest incidence of fusion among sporophytes of small sizes
(holdfasts between 0.5 to 2 cm diameter) suggests that coa-
lescence is an early survival strategy. The minimum size of
fusion recorded here is 0.5 cm in holdfast diameter, but in light
of events that precede sporophyte recruitment in the field, this
should be retested.

Recently, (Jorquera 2013) reported that in cultures where
multicellular branched gametophytes produce oogonia in
most apical cells after fertilization, several sporophytes were
formed simultaneously, which then fuse resulting in an “indi-
vidual” with several polystromatic sheets and a rhizoidal
complex system, resulting in a “theoretically polygenetic”
formation. This clearly suggests that the coalescence process-
es between the bases of the sporophytes may occur very early
in development, even in microscopic stages. In this context,
the above results suggest that in the field, the recruitment of
zygotes in early stages of development may involve very early
simultaneous coalescence processes that give rise to strict
chimeras “organisms with two or more different cell lineages
derived from diverse zygotes” (Pineda-Krch and Lehtild 2004;
Santelices 2004), which also have different degrees of genetic
heterogeneity according to their origin, even considering that
parthenogenesis has been documented for female gameto-
phytes of L. berteroana (as nigrescens in Oppliger et al.
2007). Also, coalescence among smaller plants (<0.5 cm hold-
fast diameter) as we saw in this study, is perfectly possible,
indicating that the minimum fusing distance (0.5 cm) could be
smaller than previously thought.

Consequently, adult L. berteroana sporophytes that are
subject to harvesting (and the entire population, for that mat-
ter) are theoretically a mosaic of chimeras, and though their
genetic variability is finite, it should be very high. The results
of Segovia (2009) obtained from stipes from partial samples
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of 48 holdfasts from four different populations of L.
berteroana (as nigrescens) indicated that in 11 of the hold-
fasts, at least five genotypes coexist, and in 39 of the 48 disks,
at least two genotypes were found, suggesting a very high
genetic heterogeneity in adult sporophytes. Monogenetic in-
dividuals reached 12.5 % (Segovia 2009), suggesting that not
all sporophytes coalesced despite it being spatially possible.
The causes of this are still unknown but could be related to
defensive responses against herbivores or chemical com-
pounds that damage cells in the holdfast, impeding coales-
cence. This seems to be the role of oligosaccharides in some
red algae, serving as recognition signals for potentially coa-
lescing individuals (Santelices et al. 2003). However, it has
been proposed that genetically homogeneous organisms may
rarely be faced with a very high frequency of genetically
heterogeneous organisms (Pineda-Krch and Lehtild 2004).

Initially, a direct coalescence effect was assumed, that is, a
progressive reduction of the distance among holdfasts. This
distance reduction resulting in natural growth of holdfasts and
fusion took place when the critical distance of 13 cm was not
exceeded. The critical distance of coalescence theoretically
could rise to 15-20 cm or slightly more, considering that two
small disks (0.5) actively growing in the right position for
fusion require a holdfast radius of 10 cm, which is entirely
possible.

Coalescence among sporophytes would modify the homo-
geneous distributions of recruits in intertidal exposed rocky
shores. Thus, distance among plants (distributional patterns)
would not be the result of intraspecific competition or herbi-
vore pressures as have been discussed extensively in the
literature (see Lubchenco and Gaines 1981; Johnson et al.
2008; Diaz and McQuaid 2011; Diaz et al. 2011). On the
contrary, it would be an intrinsic factor in the life strategy of
the plant.

Furthermore, this study also demonstrates that growth in-
dicators like holdfast diameter or number of stipes are modi-
fied, not by classical growth but by coalescence processes.
Fused sporophytes grow under a logarithmic model because
they are the result of the union of several coalescent sporo-
phytes. Coalescence is a continuous process of successive
clustering corresponding to the different fusion modes de-
scribed here. Apparently, the only real growth indicator seems
to be the length of the stipes (apical growth).

In light of the above results, the growth indicator that has
been used in the management of natural populations over the
past years (holdfast diameter) might not be the most appropri-
ate, since fusion may cause juvenile individuals of more than
20 cm basal diameter to not reach reproductive maturity and
thus render them unfit for harvesting. Also, some benefits of
increased of tolerance to variable environmental conditions
and selective advantages exceeded the fusion costs (Bus 1962;
Rinkevich and Weissman 1992). This was attributed to the
chimerism described and analyzed in other organisms,

including some animals. The costs have been associated with
negative effects on coalescent individual fitness (Rinkevich
and Weissman 1992; Pineda-Krch and Lehtild. 2004).

The coalescence process promotes the reduction of sporo-
phyte density; however, it increases the number of stipes per
plant. This density reduction coincides with reports of
Turbinaria triquetra, where it is assumed that the low popula-
tion density could be explained by the coalescence of sporo-
phytes (Ateweberhan et al. 2006). In this context, the decrease in
plant density would not only cause by grazers as been inten-
sively discussed over the past decades.

Coalescence processes exponentially or logarithmically
increase Lessonia complex holdfast size, pushing juvenile
plants (without reproductive structures) beyond harvestable
size (>20 cm holdfast diameter). These coalescences do not
ensure offspring, negatively affecting recruitment events and
renewal of wild stocks. However, the coalescence process in
L. berteroana sporophytes would be a successful survival
strategy against benthic grazers. In this context, under high
herbivore pressure, the probability of survival of a chimera is
far greater than the survival of a plant alone and isolation. As
Mclntire and Fajardo (2011) suggested, “these fused superor-
ganisms can confirm theoretical predictions that facilitation is
an ecological mechanism that leads group selection.”
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