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Abstract Vegetative propagation of Chondracanthus
chamissoi by means of secondary attachment discs (SAD)
has been an effective strategy for maintaining the species bio-
mass in natural beds. Suspended culture was used in the pres-
ent study. Biomass, epiphytes, length of new thalli, and number
of secondary attachment discs of C. chamissoi were measured
during different seasons as well as different depths (2, 4, and
6 m), and cultivation times (1, 2, 3, and 4 months). The greatest
accumulation of biomass, biofouling, and SAD formation oc-
curred during spring cultivation, while maximum lengths were
observed in winter. Maximum values of each variable were
observed at 2 m depth in most cases.

Keywords Chondracanthus chamissoi - Chile -
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Introduction

Chondracanthus chamissoi (C Agardh) Kiitzing is a benthic
marine red alga found in the lower intertidal zone up to 15 m
depth and reaches lengths of 50 cm (Hoffman and Santelices
1997). Its distribution is from Paita, Peru (5°S) to Ancud,
Chile (42°S) (Ramirez and Santelices 1991), but it has been
also reported on the coasts of Korea, Japan, and France, sug-
gesting that it is not necessarily endemic to the Southeast
Pacific (Yeon et al. 2015). According to records from
ProChile (2016), worldwide total available biomass of this
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algae varied between 1000 and 1500 t (wet weight) between
2005 and 2012. Total landings of C. chamissoi currently reach
the order of 1600 t wet weight, of the order of 900 and 700 t
from Chile and Peru respectively, which is equivalent to about
354 t of dry product.

This species has become important because of its commer-
cial value, principally due to its use for carrageenan extraction
and for human consumption in Asian countries (Bulboa and
Macchiavello 2006; Avila et al. 2011). Its most common des-
tinations are Japan and Taiwan (ProChile 2016).
Chondracanthus chamissoi carrageenan content reached up
to 24.6% dry weight (Pereira et al. 2009). There is currently
a growing demand for its direct consumption as food given its
exceptional nutritional qualities, among which stand out: a
high concentration of monounsaturated fatty acids with a total
0f'47.07%, composed mainly of oleic acid (Sanchez-Machado
et al. 2004; Pohl and Zurheide 1979), followed by palmitoleic
acid, 8.11%, and essential linoleic and linolenic fatty acids,
which are powerful fat-soluble antioxidant agents (Ortiz 2011).

This red alga has been widely exploited along the Chilean
and Peruvian coasts, leading to 90% decreases in stocks in the
last 15 years, with landings of 24,000 t in 2000, followed by
4600 t in 2004, and 900 t in 2010 (SERNAPESCA 2014).
These declines in extracted volumes are related to the collapse
of natural beds as well as to the appearance of opportunistic
species such as Ulva spp. and Codium fragile, which can
colonize hard substrata, thus displacing C. chamissoi. This
has been observed repeatedly in beds located in Caldera and
Calderilla in northern Chile (Pers. Obs.).

Due to the deterioration of natural beds several authors
have developed management strategies based on ecological
studies (Gonzalez and Meneses 1996; Gonzalez et al. 1997,
Vasquez and Vega 2001; Macchiavello et al. 2003).
Moreover, various controlled propagation techniques have
been developed (Bulboa and Macchiavello 2001; Bulboa
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et al. 2008; Saez et al. 2008). Of these, spore propagation
(Bulboa et al. 2010; Avila et al. 2011; Barrientos and Otaiza
2014) and vegetative propagation have been promising, be-
cause C. chamissoi develop secondary attachment discs,
which allow it adhere to substrate and generate new plants
(Bulboa et al. 2005, 2013; Bulboa and Macchiavello 2006).
This ability also has been observed in Chondracanthus
squarrulosus (Pacheco-Ruiz et al. 2005) and in species in
the genera Dictyota, Bryopsis, Sphacelaria and Nereocystis
(Sarabhai and Arora 2002). Under controlled conditions, sec-
ondary attachment discs facilitate vegetative propagation from
thalli fragments, in contrast to spore propagation which re-
quires more rigorous and costly maintenance (Hernandez
et al. 2007; Bulboa et al. 2013).

In Chile, C. chamissoi prices range from US $ 12.5 per dry
kg to about US $ 35 per kg for an elaborated, colored product
of good quality (ProChile 2016). These high prices come with
strict quality standards on the market. The product must be
clean, be free of impurities and epibionts, and have a specific
texture and color (Bulboa and Macchiavello 2006). These
specifications are difficult to obtain from natural beds
throughout the year because of variations in morphology
(Acleto 1986), growth (Bulboa and Macchiavello 2001;
Bulboa et al. 2008), fluctuation in seasonal abundance across
life cycle stages (Gonzalez et al. 1997) and susceptibility to
epiphytes (Bulboa et al. 2005, 2007). Culture of C. chamissoi
is an alternative production method that could lessen the bur-
den on collapsed natural beds, satisfy current unmet demand,
move away from the seasonality of natural populations, and
create a higher quality product.

We evaluated the growth of C. chamissoi during suspended
vegetative culture in the sea under varying seasons, depths,
and culture times, with the purpose of validating the technol-
ogy for the productive scaling and the production of high
quality biomass.

Materials and methods
Collection of specimens

Chondracanthus chamissoi fronds were obtained by scuba
diving in natural beds located in Puerto Aldea Bay (30° 17
31" S; 71°36' 32" W), during the months of July and October
2015, as well in January and April 2016. Fronds were
transported in coolers (isothermal boxes made of plastic or
styrofoam), with two or three ice packs to keep low tempera-
tures (10-15 °C), to the Marine Botany Laboratory at the
Universidad Catolica del Norte. Vegetative thalli (without re-
productive structures) and with similar morphology (not very
branched individuals with natural reddish tone, and thalli of
+ 1 cm width) were selected, discarding specimens in repro-
ductive stages or poor health. Finally were rinsed with filtered
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seawater and cleaned of sediment and epiphytes as suggested
by Bulboa and Macchiavello (2001) and Bulboa et al. (2005).

Fifteen kilogram of clean thalli was transferred into a
1000 L outdoor tank. The tank was a fiberglass container
(1.80 % 0.70 x 0.85 m deep; + 1000 L) for aquaculture indus-
trial use (Ocean Teach S.A, Chile). All pipes, connectors and
valves were made of PVC. The thalli were maintained with a
continuous flow of filtered seawater (150 L h™"), and air was
supplied by a blower until the inoculation started. The seawa-
ter filtration system consisted of a mechanical cartridge filters
set (1, 10, and 25 um) and a 40 W ultraviolet lamp (model
GPH793T5L, Biolight SA).

Temperature, salinity, and pH inside the tanks were record-
ed using a HOBO Pendant model UA-002-08 sensor.

Substrate inoculation

Vegetative thalli fragments (2 to 5 cm) were inoculated in
polypropylene mesh for horticulture products; these inocula-
tion units are 1 m length, 4 cm width, with 0.5 cm mesh
openings. Inoculation units were inoculated with 9 g of sea-
weed biomass per linear meter (g m '), then were placed in the
PVC structure frame (10 mesh each) and kept in the hatchery
for 20 days. A total of 800 inoculation units were made for
each season. Once this period was finished, the inoculation
units were placed in the sea.

The inoculation was carried out in the months of August
and November 2015, as well in February and May 2016, with
a total of one inoculation process for each evaluated season.

Seasonal culture in the ocean

At the start of each season, inoculation units were fixed to
6 mm lines (culture units) with 20 inoculation units per meter
of line and placed vertically in the water column at 2, 4 and
6 m depth. A concrete weight of 500 g was placed at every
unit base to provide stability. Units were tied to a line (20 mm
diameter, 100 m length) which was kept horizontal at 1 m
depth with flotation buoys (long line).

Thirty-six culture units (replicates) were installed at each
depth and for each season in a Benthic Resources Exploitation
Management Area (AMERB for its acronym in Spanish), lo-
cated in Caleta Hornos (29° 38’ 28" S; 71° 18’ 23" W).

Four cultures were carried out: winter (August 2015),
spring (November 2015), summer (February 2016), and au-
tumn (May 2016). After each culture, successive destructive
sampling was done every 30 days for a total of 120 days for
each seasonal culture. This was done by randomly removing
three culture units (replicates) per depth, evaluating a total of
18 inoculation units. Biomass in gram wet seaweed per linear
meter (g m), length of new thalli (cm), number of secondary
attachment discs per linear meter of substrate (SAD m ') and
amount of biofouling (g m ") were recorded.
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Measurement of biofouling was carried out by removing
organisms adhered to newly cultivated fronds. Organisms
were analyzed using a stereo microscope, the classification
was carried out reaching the lowest taxonomic level, using
appropriate literature on marine invertebrates (Zagal et al.
2001) and seaweeds (Hoffman and Santelices 1997). Light
and temperature were recorded at various depths in the water
column using a HOBO Pendant model UA-002-08 sensor.

Data analysis

A three-way ANOVA was done to evaluate effects of depth,
culture times, and seasonality of the variables mentioned
above, as suggested by Conover (1980). A Tukey test was also
carried out for those treatments that presented significant dif-
ferences and the homogenous subgroups were identified sep-
arately for each depth. Spearman correlations were done be-
tween biomass, number of SADs, and epiphyte biomass. All
statistics were done to a 95% significance level using SPSS
(IBM version 22).

Results
Abiotic parameters

Variations in temperature (°C), salinity (PSU), and pH in the
hatchery (outdoor tank) recorded in the experimental period
during winter, spring, summer, and autumn inoculations are
shown in Table 1. Table 2 shows variations in irradiance
(umol photons m 2 s™') and sea temperature (°C) at various
propagation depths, recorded during the experimental period
(August 2015 to August 2016) in Caleta Hornos, Chile.

Biomass

Chondracanthus chamissoi had actively grown in all of the
evaluated conditions, with significant differences (P < 0.05)
between seasonal culture, depths, and culture times (Table 3).
Biomass increased progressively with culture time (months),
with the highest values after 4 months for winter, spring, and
autumn, reaching average values of 156.6 +31.8,217.0 +17.7

Table 1  Abiotic conditions (temperature, salinity, and pH) in the
hatchery (outdoor tank) recorded for the experimental period during
winter, spring, summer, and autumn inoculations

Season Temperature (°C) Salinity (PSU) pH

Winter 13.5+04 35+0.1 79+0.2
Spring 14.7£0.7 35+0.2 77+03
Summer 17.0+0.9 35+£05 7.7+£03
Autumn 14.1+1.0 35+04 77+03

and 64.7 = 11.7 g m ™", respectively. During summer, maxi-
mum accumulation of biomass was 38.2 + 10.2 g m ' after
2 months of culture, with a decrease in the following months
(Fig. 1).

There was a decrease in biomass with greater depth, the
greatest accumulation of biomass was found at the shallowest
depth evaluated (2 m), which was observed in the culture
during winter, spring, and autumn, while the peak in summer
was at 4 m depth. Different culture times produced significant
differences in biomass in most cases (P < 0.05 Tukey test),
with the exception of the winter culture at 4 m, were no dif-
ferences between accumulated biomass at months 3 and 4 was
observed. This was similar to biomass observed in autumn
sowing at 2 and 6 m depth, while at 4 m no differences were
observed between the second and fourth month of culture.

Epiphyte level

Epiphytes were present throughout the culture period, with
significant differences between seasons, depths, and culture
times (P < 0.05). The organisms recorded as epiphytes on
C. chamissoi were Ceramium sp. (Rhodophyta) and Bugula
spp. (Bryozoa). Epiphyte level showed similar tendencies as
C. chamissoi biomass with respect to seasonality and depth,
with a positive correlation of p=0.73 (P < 0.001). The amount
of epiphytes registered did not exceed the harvested biomass
of C. chamissoi at any point during the culture period (Fig. 1).

A progressive increase in epiphyte levels during propaga-
tion was observed. The highest levels were 79.5+9.5 g m '
during the spring, followed by 54.5 + 20.0 and
17.3+6.2 gm" ' for winter and summer cultures, respectively.
The autumn culture had the lowest levels of epiphytes at less
than 2 g m™" at all depths and propagation times evaluated. A
peak was reached at 4 months of propagation for winter and
spring culture. In summer, the peak occurred at the second
month and in autumn, it occurred during the first month.
Like biomass, the highest values of epiphytes were recorded
at 2 m depth for the winter, spring and autumn cultures, while
in summer the peak was observed at month 4.

Thalli length

Similar to biomass, measurements of thalli length showed a
progressive increase with culture time in all the seasons except
for summer. With respect to depth, greater lengths were ob-
served at 2 m depth only for spring, summer, and autumn,
while in winter the maximum length was obtained at 4 m
depth. Thallus length also showed significant differences be-
tween the evaluated factors and their combination (P < 0.05)
(Table 3).

Winter culture measurements exceeded 10 cm in thallus
length for depths of 4 and 6 m. In spring, values ranged from
4.1 £ 1.1 to 7.6 = 2.4 cm, followed by the autumn culture
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Table 2 Abiotic conditions
(irradiance and temperature) in
the sea, at different culture depths,
recorded in the experimental
period in Caleta Hornos, Chile,
between August 2015 and August
2016

Irradiance (pmol photons m 2 s 1)

Temperature (°C)

2m 4 m 6 m 2m 4 m 6 m
Aug 138.7+41.9 69.9 +19.8 559+21.0 13.9+0.9 13.6+1.2 13.5+0.8
Sept 112.2 £87.0 77.8 +£29.7 68.1 £ 14.6 149 +0.7 13.7+0.2 13.5+0.3
Oct 120.8 £ 63.7 81.0+£22.7 76.0 £38.6 155+0.8 14.1+£0.2 13.9+0.6
Nov 169.8 £31.2 96.5 +34.7 81.8 £15.7 159+£1.5 152+£1.0 15.0+0.9
Dec 180.9 £56.0 113.0£21.1 89.2+£224 16.3+0.9 16.0 £ 0.6 159+ 0.6
Jan 205.9 + 81.0 149.7 £59.3 95.5+13.7 17.8+1.8 17.5+1.6 16.1+0.7
Feb 298.6 £67.9 189.7 £18.1 121.9+26.9 19.9+0.7 19.6 = 0.8 19.7+1.9
Mar 377.8 £90.8 244.0 £35.0 179.5+£35.0 21.1+1.5 20.7+1.0 202+04
Apr 270.9 £ 59.0 230.0 £59.0 219.1 +£69.1 19.8+£1.9 185+1.2 17.6 £0.8
May 239.0+979 217.0£53.0 201.1 £49.0 18.1+£0.7 17.9+£0.3 17.0+£0.5
Jun 201.2 +£56.2 198.1 £89.1 1712 £35.0 16.7 £0.8 15.4+£04 15.2+£0.7
Jul 186.9 £43.0 169.3 £55.0 145.3 £ 89.1 159+0.5 149+1.0 14.4+£0.7
Aug 171.1 £49.3 152.0 £46.9 138.8 £80.7 148 +1.0 143+04 13.9+0.7

Table3  Results of a three-way ANOVA evaluating the effects of seasonality, depth, and culture times at sea, on the variables biomass, epiphyte levels,

length, and SADs

Variable  Source df MC F ratio P value Variable Source df MC F ratio P value
Biomass  Corrected 47 1,014,609.21 136.602 <0.001 Length Corrected 47 2,237,969,246 620.864 < 0.001
model model
Intersection 1 161,616,600  21,759.299 < 0.001 Intersection 1 204,905,893,100 56,845.562 < 0.001
Season (S) 3 7,376,934.886 993.196 < 0.001 Season (S) 3 3,006,785,910 834.151 < 0.001
Depth (D) 2 1,659,188.081 223.385 < 0.001 Depth (D) 2 772,216,666.4 214.23 < 0.001
Culture times 3 4,243,062.433 571.266 < 0.001 Culture times 3 13,137,820,570 3644.731 < 0.001
(CT) (CT)
SXD 6 190,800.779  25.689 < 0.001 SXD 6 325,448,386.4 90.287 < 0.001
SXCT 9 811,760.17 109.292 < 0.001 SXCT 9 935,676,222.9 259.578 < 0.001
DXCT 6 62,727.994 8.445 < 0.001 DXCT 6 100,605,224.5 2791 < 0.001
SXDXCT 18 37,847.254 5.096 < 0.001 SXDXCT 18 247,042,482.2 68.535 < 0.001
Error 816 7427473 Error 12,129 3,604,606.674
Total 864 Total 12,177
Corrected total 863 Corrected 12,176
total
Epiphytes Corrected 47 1,071,586.402 270.936 <0.001 SAD Corrected 47 130,995.427 89.616 < 0.001
model model
Intersection 1 161,616,600  40,862.532 < 0.001 Intersection 1 20,248,812 13,852.471 < 0.001
Season (S) 3 9,648,907.691 2439.593 < 0.001 Season (S) 3 473,011.583 323.593 < 0.001
Depth (D) 2 494,173.768  124.945 < 0.001 Depth (D) 2 153,479.299 104.997 < 0.001
Culture times 3 4,194,970.154 1060.64 < 0.001 Culture times 3 766,509.928 524.379 < 0.001
(CT) (CT)
SXD 6 27,282.983 6.898 < 0.001 SXD 6 3068.528 2.099 0.053
SXCT 9 747,865.273  189.087 < 0.001 SXCT 9 198,816.081 136.013 < 0.001
DXCT 6 15,640.953 3.955 0.001 DXCT 6 14,817.719 10.137 < 0.001
SXDXCT 18 47569376 12.027 < 0.001 SXDXCT 18 13,033.318 8.916 < 0.001
Error 816 3955.129 Error 384 1461.747
Total 864 Total 432
Corrected 863 Corrected 431
total total
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Fig. 1 Biomass and epiphyte levels observed in Chondracanthus
chamissoi culture at sea, for 4 months, at depths of 2, 4, and 6 m in
different seasons of the year. a, b Winter. ¢, d Spring. e, f Summer. g, h

which presented values between 4.0 £ 1.0 and 6.2 = 1.2 cm.
All these lengths were reached after 4 months of culture, while
in the summer culture, values of 4.2 + 1.7 and 3.3 £ 1.5 cm
were observed for depths of 2 and 4 m after 4 months, unlike
for the 6 m depth where the maximum recorded length was
3.4 £ 1.0 cm at the second month of culture.

Secondary attachment discs
SADs per linear meter of substrate showed a similar tendency

as biomass do, with respect to depth and culture time, showing
significant differences between seasons, depths, and culture

Autumn culture. The letters over the columns indicate significant
differences between months of culture (Tukey test). Data expressed as
the mean = SD (n =9)

times (P < 0.05). The highest values were observed at 2 m
depth, after 4 months of culture for winter, spring, and au-
tumn, with values of 454.6 £ 77.9, 759 £ 51.1 and
265.2 £ 45.6 SAD mfl, respectively, whereas in summer a
decrease was observed after the second month at all evaluated
depths, registering a maximum value of 224.0 + 28.7
SAD m " at 2 m depth. This variable was positively correlated
with variations in recorded biomass, with a value of p = 0.82
(P <0.001).

In conclusion we can emphasize that all the evaluated
factors generated significant differences for the study vari-
ables, and all of them presented a progressive increase in
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relation to culture time with some exceptions for the sum-
mer season. The biomass, SAD, and epiphyte level present-
ed a similar trend, with maximum values being observed at
depth of 2 m in all cases, despite the differences generated
by the seasonal effect.

The thalli length did not present a pattern similar to that
of the other variables, since their maximum values did not
coincide with the season of greater biomass production and
SAD. In general, the spring season was the most produc-
tive in terms of biomass and SAD. The greatest lengths
were obtained in winter culture and the lowest levels of
epiphytes were recorded in autumn.

Discussion

Highest biomass values were always obtained at lowest eval-
uated depth, independent of the season in which the culture
was carried out, as observed by Bulboa et al. (2005), in
suspended culture of C. chamissoi on lines, with higher pro-
duction at 1 m depth, as opposed to 3 and 5 m.

Several experimental studies have shown that C. chamissoi
is highly adaptable to light and temperature variation,
obtaining higher growth rates between 20 and 25 °C, and
irradiances of 70 to 120 pmol photons m 2 s~' (Bulboa and
Macchiavello 2001; Bulboa et al. 2008). These values are in
the highest range evaluated in this study and agree in part with
our current results, due to greater accumulation of biomass in
the first meters of depth, where temperature and light irradi-
ance levels were the highest throughout the experimental
period.

Most productive periods were the winter and spring cul-
ture, and the least productive were in summer and autumn.
This is similar to the results obtained by Bulboa et al. (2005),
who reported a higher amount of biomass for gametophytic
and sporophytic thalli in autumn, with values between 158
and 160 g m', respectively, after 2 months of propagation
and winter with production between 102 and 120 g m ', re-
spectively, after 3 months of culture. In contrast, lowest levels
of biomass were reported in summer, with a range value of 44
to 57 g m ' after 1 month of suspended cultivation of
C. chamissoi in Herradura Bay (Coquimbo, Chile). On the
other hand, Bulboa and Macchiavello (2006) reported maxi-
mum levels of biomass for C. chamissoi vegetative thalli be-
tween44 and 93 g mﬁl, after 1 and 2 months of cultivation, for
the localities of Coquimbo and Calderilla, respectively. These
reported values do not exceed the maximum value obtained in
this study in the winter and spring seasons, which are the most
productive seasons of the year, for cultivation and natural beds
(Vasquez and Vega 2001).

The period of greatest biomass accumulation in this study
is similar to the period of greatest biomass production previ-
ously observed in natural beds in northern Chile between late
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winter, spring, and early summer (Vasquez and Vega 2001).
On the other hand, low C. chamissoi biomass in warmer
months may be associated with herbivore proliferation or the
low availability of nutrients and high light irradiances
(Vasquez and Vega 2001). Additionally, Bulboa et al. (2005)
associate the low yield of C. chamissoi in warm months with
thalli detachment and increases in epiphytes. We suggest that
harvest should be carried out after 4 months of cultivation for
cultures done in winter and spring, after 2 months of culture in
summer, and after 3 months of culture in autumn.

Epiphytes are one of the major problems associated with
the culture of macroalgae (Liining and Pang 2003). This prob-
lem was also observed in this study, with epiphytes present
throughout the experimental period. Epiphyte levels were pos-
itively correlated with C. chamissoi biomass production.
However, although overall epiphytic levels did not exceed
C. chamissoi biomass in the autumn season, they were less
than 2 gm ', meaning that C. chamissoi remained mostly free
of epiphytes. Autumn was not the best season in terms of
biomass produced, but the low presence of epiphytes is im-
portant for C. chamissoi commercial uses, especially when is
used in human consumption.

Though thallus length did not show the same pattern
with respect to depth in all of the seasonal cultures, max-
imum lengths were reached in winter culture at all tested
depths after 4 months of culture at sea. Bulboa et al. (2005)
reported maximum lengths between 15 and 20 ¢cm in a
period of 4 months, on the other hand, Bulboa and
Macchiavello (2006) reported maximum lengths between
10 and 20 cm in C. chamissoi thalli cultured at sea after a
period of 2 months. These values exceed the maximum
range reported in this study; however, it must be taken into
consideration that in this study, propagation was started
with the inoculation of small thallus fragments, favoring
the formation of SAD before the culture at sea and not with
inoculation of whole plants as in the case of the works cited
above. On the other hand, Bulboa et al. (2013) reported
higher lengths reached by C. chamissoi thalli during the
summer season in comparison to the winter season, with
inoculations similar to those of the present study, but these
propagations were done in tanks. It should be noted that
the maximum length reached in the present study was re-
corded in the winter culture, which begins with the lowest
light and temperature levels of the year.

In the present study, SAD showed a similar trend as bio-
mass, with a positive correlation that can be interpreted as
greater development of new thalli. This would imply a higher
formation of SAD and consequently more new individuals via
this method of vegetative reproduction, leading to a greater
amount of biomass. Bulboa et al. (2013) report higher forma-
tion of SADs in winter than summer. This observation agrees
with this study, in which lowest amount of SAD were record-
ed during summer culture. However, Macchiavello et al.
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(2003) reported greater re-adhesion of drifting thalli in natural
C. chamissoi beds during the summer period.

The results obtained in this study indicate that C. chamissoi
possesses adequate biological attributes to be cultivated be-
cause it presented active growth in all experimental treat-
ments, even considering seasonal and bathymetric variations
in all of the evaluated variables.
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