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Eight carrageenophytes, representing seven genera and three families of Gigartinales (Florideophyceae), were studied for 15 months.
The reproductive status, dry weight, and carrageenan content have been followed by a monthly random sampling. The highest
carrageenan yields were found in Chondracanthus acicularis (61.1%), Gigartina pistillata (59.7%), and Chondracanthus teedei var.
lusitanicus (58.0%). Species of Cystocloniaceae family produces predominantly iota-carrageenans; Gigartinaceae family produces
hybrid kappa-iota carrageenans (gametophytic plants) and lambda-family carrageenans (sporophytic plants); Phyllophoraceae
family produces kappa-iota-hybrid carrageenans. Quadrate destructive sampling method was used to determine the biomass and
line transect. Quadrate nondestructive sampling method, applied along a perpendicular transect to the shoreline, was used to
calculate the carrageenophytes cover in two periods: autumn/winter and spring/summer. The highest cover and biomass were
found in Chondrus crispus (3.75%-570 g/mz), Chondracanthus acicularis (3.45%-99 g/mz), Chondracanthus teedei var. lusitanicus

(2.45%-207.5 g/mz), and Mastocarpus stellatus (2.02%-520 g/mz).

1. Introduction

Carrageenans are industrially important hydrocolloids that
are found in various red seaweeds (Gigartinales, Rhodo-
phyta) [I, 2]. Carrageenans are a family of water soluble,
linear, and sulfated galactans. They are composed of alter-
nating 3-linked f3-p-galactopyranose (G-units) and 4-linked
a-D-galactopyranose (D-units) or 4-linked 3,6-anhydro-
a-D-galactopyranose (DA-units), forming the disaccharide
repeating unit of carrageenans. The most common types of
carrageenans are traditionally identified by a Greek prefix
and more recently by the letter codes developed by Knut-
sen and collaborators [3]. The three commercially most
important carrageenans are called iota-, kappa-, and lambda-
carrageenan. The letter codes of these carrageenan types are
G4S-DA, G4S-DAZ2S, and G2S-D2S,6S, respectively. Kappa-
carrageenan is present, over all, in the species pertaining to
the Hypneae (Hypnaceae) and Kappaphycus genera (Solieri-
aceae) and the species belonging to the Eucheuma genus
(Solieriaceae), are the principal source of iota-carrageenan
[4-6]. Kappa/iota-hybrid carrageenans are found in the

gametophytic life phases of several species in the families of
Gigartinaceae and Phyllophoraceae [7-9]. The mu- and nu-
carrageenan, existing in the native phycocolloid samples, are
the biologic precursors of kappa- and iota-carrageenan [10].
In vivo, iota- and kappa-carrageenan are formed enzymat-
ically from the precursor carrageenans by a sulfohydrolase
[11, 12]. In vitro, these precursor residues are converted to
the corresponding gelling carrageenan on treatment with
alkali. Alkali extraction is commonly used in the commer-
cial production of kappa- and iota-carrageenan to increase
the 3,6-anhydro-D-galactose content, since this results in
a product with enhanced gelling properties [13, 14]. The
tetrasporic life phase of Gigartinaceae contains carrageenans
of the lambda family. In general, carrageenan serves
as a gelling (kappa-family carrageenans), stabilizing, and
viscosity-building agent (lambda-family carrageenans) in
food products, pharmaceutical formulations, cosmetics, and
oil well drilling fluid [2, 15].

The species Chondrus crispus and Mastocarpus stellatus
were the first seaweed used for carrageenan extraction. Due
to the fact that both species live in the same biotype, their
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harvest is generally simultaneous. Although C. crispus may
occur in considerable quantities to a depth of 12m in the
sublittoral zone of the maritime provinces of Canada, in
Europe, it is found mainly in intertidal rock pools [16, 17]. M.
stellatus is also found in rock pools, mostly in the intertidal
zone [16]. In the Northeast Atlantic, both species are found
from North Cape (Norway) to Mauritania [17].

Generally, the harvest is made during a period depending
on the local customs, climate, and sea behaviour. In Portugal,
C. crispus and M. stellatus have been exploited, especially in
the north (Minho, Douro, and Beira Litoral) [18-20]. The
carrageenophytes are plucked from the intertidal zone during
summer, sun dried, sold to concentrators, and then exported
[19, 20]. The collection is controlled by regulations, which first
date from 1909, that specify periods of seaweeds harvesting
from July to November and require the issuing of licences for
each area of the coastline and control prices [16, 19].

Population studies and carrageenan content have recently
been performed on wild populations of Chondrus crispus and
Mastocarpus stellatus, the main species with industrial use
and harvested in Galicia (Spain) [21, 22].

In 1955, all the carrageenans were gotten from C. crispus
and M. stellatus. Today, these species represent no more than
10% of the total harvest. Most of the currently used seaweeds
in the world are cultivated species belonging to the genera
Eucheuma and Kappaphycus as sources of iota- and kappa-
carrageenan, respectively [2, 9].

Large carrageenan processors have fuelled the develop-
ment of Kappaphycus alvarezii (which goes by the name “cot-
tonii” to the trade) and Eucheuma denticulatum (commonly
referred to as “spinosum” in the trade), farming in several
countries including the Philippines, Indonesia, Malaysia,
Tanzania, Kiribati, Fiji, Kenya, and Madagascar [23]. Indone-
sia has recently overtaken the Philippines as the world’s
largest producer of dried carrageenophyte biomass [15].

Shortages of carrageenan-producing seaweeds suddenly
appeared in mid-2007, resulting in doubling of the price
of carrageenan; some of this price increase was due to
increased fuel costs and a weak US dollar (most seaweed
polysaccharides are traded in US dollars). The reasons for
shortages of the raw materials for processing are less certain;
perhaps it is a combination of environmental factors. The
drop in production could be also due to a depletion of natural
resource caused by a degradation of the habitat and the
overexploitation. Most hydrocolloids are experiencing severe
price movements. The average prices of carrageenans were
US$ 10.5/ kg™, and the global sales in 2009 were US$ 527
million [9, 15, 24].

The present study was carried out in order to evaluate
the population and phycocolloid ecology of several
underutilized Gigartinales: Chondracanthus teedei var.
lusitanicus (Rodrigues) Barbara et Cremades (Gigartinaceae),
Chondracanthus acicularis (Roth) Fredericq (Gigartinaceae),
Gigartina pistillata (S.G. Gmelin) Stackhouse (Gigartina-
ceae), Calliblepharis jubata (Goodenough et Woodward)
Kiitzing (Cystocloniaceae), Gymnogongrus crenulatus
(Turner) J. Agardh (Phyllophoraceae), and Ahnfeltiopsis
devoniensis (Greville) P.C. Silva et DeCew (Phyllophoraceae)
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and to compare them with the traditionally harvested
carrageenophytes Chondrus crispus Stackhouse (Gigartina
ceae) and Mastocarpus stellatus (Stackhouse) Guiry
(Phyllophoraceae). To achieve this goal, a natural population
of mixed carrageenophytes situated at Buarcos bay (central
north of the Portuguese Atlantic coast) was studied during
15 months. To determine the nature of the produced
phycocolloid, we examined and quantified the native and
alkali-modified carrageenan extracted from the different
phases of life history of the studied carrageenophytes
(tetrasporophyte, female gametophyte, and nonfructified
thalli) with FTIR-ATR, FT-Raman, and 'H-NMR. The nature
of the polysaccharides (without any type of extraction)
present in these seaweeds was determined with FTIR-ATR
and FT-Raman analysis of the dry ground seaweed [8, 25, 26].

2. Material and Methods

A representative population of the eight studied car-
rageenophytes, localised at Buarcos bay (40°10'5.99"'N,
8°53'22.27"W) in the Northern Portuguese coast, was inves-
tigated for about 15 months. The plants were collected from
a rocky-shore substrate, with numerous sand basins, in the
intertidal zone. At each sampling time, pH, salinity, surface
water, and air temperature were recorded.

Carrageenophytes coverage was estimated in two periods
(autumn/winter and spring/summer), using a modification
of the “Braun-Blanquet” scale [27, 28]. A 100cm (1 m?)
quadrate, applied along a perpendicular transect (100 m) to
the shoreline, was used to evaluate the carrageenophytes
cover.

For determination of biomass and thalli length, eight
quadrates (10 x 10 cm) were randomly positioned in the
extensive beds of carrageenophytes and destructively sam-
pled [29-31]. The samples were rinsed in distilled water and
dried in ventilated oven to constant weight (60°C). Biomass
was expressed as a dry weight per square meter of substrate.

The percentage of each lifecycle phase, dry weight, and
carrageenan content was evaluated. For these determinations,
100 individuals, larger than 3cm, of each species were
collected at random, monthly. At the laboratory, carrageeno-
phytes fronds were sorted into the different lifecycle phases
and then rinsed in distilled water to eliminate debris and
salt on the thalli surfaces and dried, in a ventilated oven,
to constant weight at 60°C. Carrageenan extraction was
carried out according to the process described by Pereira and
collaborators [25, 32].

Data on plant size, biomass, lifecycle phase, dry weight,
and yields were presented as average + standard error (with
n = number of samples used in the study). One-way ANOVA
(considering three values of P: significant, P < 0.05, very
significant, P < 0.01, and highly significant, P < 0.001)
of plant size, biomass, lifecycle phase, dry weight, and
carrageenan yields was made to analyzse possible variances
between seasons [33].

Samples of ground, dried algal material were analysed by
FTIR-ATR and FT-Raman [8, 25, 26, 32] for the determi-
nation of native phycocolloid composition. The FTIR-ATR
spectra of ground, dried seaweed, native and alkali-modified
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carrageenan were recorded on an IFS 55 spectrometer, using
a Golden Gate single-reflection diamond ATR system, with
no need for sample preparation. All spectra are the average of
two counts, with 128 scans each and a resolution of 2cm™.
The room-temperature FT-Raman spectra were recorded on
a RFS-100 Bruker FT-spectrometer, using a Nd:YAG laser
with excitation wavelength of 1064 nm. Each spectrum is the
averaging of two repeated measurements of 150 scans each
and a resolution of 2cm ™.

"H-NMR spectra were taken on a Bruker AMX600
spectrometer operating at 500.13 MHz at 65°C. Typically,
64 scans were taken with an interpulse delay of 5s (T}
values for the resonance of the anomeric protons of kappa-
and iota-carrageenan are shorter than 1.5s). Sample prepa-
ration for the "H-NMR experiments involved dissolving the
carrageenan sample (5mgmL™") at 80°C in D,0, contain-
ing 1mM TSP (3-(trimethylsilyl) propionic-2,2,3,3-d, acid
sodium salt) and 20 mM Na,HPO,, followed by sonication
for 1h three times in a sonicator bath (Branson 2510). Chem-
ical shifts (&) are referred to the internal TSP standard (6 =
—0.017 ppm) relative to the IUPAC recommended standard
DSS for 'H according to van de Velde and collaborators
[34] and Pereira and van de Velde [1]. Assignments of the
"H-NMR spectra were based on the chemical shift data
summarised by van de Velde and collaborators [14, 34].

3. Results and Discussion

Table1 shows the most significant phycocolloid parame-
ters: harvest season, lifecycle phase, yields, and carrageenan
composition. Carrageenophytes cover, dry weight, and car-
rageenan content are presented in Figures 1 and 2, respec-
tively.

3.1. Physical-Chemical Data. In Buarcos bay, the average
water temperature ranged from 12°C in autumn/winter to
22°Cin spring/summer, and the mean air temperature varied
from 10°C to 23°C between these periods. In contrast, the pH
and salinity have not changed significantly between seasons,
with average values of 8.3 and 32.8 S%o, respectively.

3.2. Cover Biomass, and Plant Size. C. crispus is the dominant
species regarding the coverage (Figure2) and the avail-
able biomass for harvesting. The highest values of biomass
(570 g/m2) and carrageenan content (see Table 1) have been
registered in spring/summer. The maximum average length
was 13.8 + 1.2cm (n = 100) in summer and a minimum of
8.2+ 0.5cm (n = 100) in winter.

Although it is only the fourth seaweed in terms of cover
(Figure 2), M. stellatus shows a high biomass (520 + 2.0 g/m?,
n = 8) in spring/summer. The average length of this species
was 6.3+0.5 cm (n = 13), with a maximum of9.5+1.2cm (n =
100) in summer and a minimum of 4.1 + 0.8 cm (1 = 100) in
winter. The data on seasonal variation length show statistical
significance (one-way ANOVA, P < 0.001).

In spite of not being a harvested seaweed, it is surprising
that, among the carrageenophytes studied, C. teedei var.
lusitanicus is one of those which presents the highest values

of average carrageenan yields (Figure 1), cover (Figure 2), and
biomass (594 + 10.5 g/m*) in spring/summer. The maximum
average length was 7.7 + 0.4 cm (n = 100) in summer and a
minimum of 2.9 + 0.2cm (1 = 100) in winter. The biomass
values ranged between 110 + 1.9g/m” (n = 8) in summer
and 594 + 10.5g/m> (n = 8) in late spring. Biomass and
length showed low values in autumn and winter, a small
increase occurred in early spring, and the highest values of
these parameters were recorded in early summer.

The highest carrageenan yields, in this study, were
recorded in G. pistillata, with an average value of the 38.7%
(Figure 1). Nevertheless, the coverage and biomass are rela-
tively low (Figure 2). The second highest coverage was found
in C. acicularis (Figure 2), but this carrageenophyte presents
a low biomass mainly in spring/summer (22 + 0.2 g/m* n =
8). This carrageenophyte presents an isomorphic triphasic
lifecycle, but the nonfertile thalli and the tetrasporophytes are
difficult to distinguish from one another, and consequently
these reproductive phases were not separated. Due to the
thalli nature, very thin and tangles, the data on plant size were
not done. The cover (Figure 2) and biomass are very low in the
remaining carrageenophytes: C. jubata, G. crenulatus, and A.
devoniensis.

3.3. Lifecycle Phase. C. crispus shows an isomorphic triphasic
lifecycle [35-37], although in the studied population, the
nonfructified thalli were dominant in most samples (see
Figure 3), and the percentage varied from 15.4% (summer)
to 66.7% (winter). The female gametophytes were present
in all samples, varying the proportion from 12.5% (late
winter) to 44.5% (spring). The tetrasporophytes were also
present in all samples, with a maximum of 50% in spring
and a minimum of 11.1% in summer. Compared with female
gametophytes (cystocarpic thalli) (29.4 + 2.9%, n = 14), the
tetrasporophytes (tetrasporic thalli) are usually less abundant
(24.5 + 3.4%, n = 14); the predominance of gametophytes in
C. crispus populations was also found in other works [37-39].
The average percentage of nonfructified thalli was 46.1+3.9%
(n = 14). The data on seasonal variation in the percentage
of individuals of each generation have statistical significance
(one-way ANOVA, P < 0.001).

G. pistillata is the type of species of the Gigartina
genus [40, 41]; despite possessing an isomorphic triphasic
lifecycle [42], it shows heterosporic thalli (i.e., producing both
tetraspores and carpospores) [43, 44], which were found in
all studied samples. The tetrasporophytes were dominant in
most samples, and the percentage varied from 10% (spring) to
81.8% (late autumn). The female gametophytes were present
in all samples, varying the proportion of 6.8% (late autumn)
to 90% (spring). The heterosporic thalli were present in all
samples, with a maximum of 30.8% in early winter and a
minimum of 1.9% in summer. The data on seasonal variation
in the percentage of individuals of each generation have
statistical significance (one-way ANOVA, P < 0.001).

C. acicularis presents an isomorphic triphasic lifecycle
[41], but the nonfructified thalli and the tetrasporophytes are
difficult to distinguish from one another, and consequently
these reproductive phases were not separated.
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FIGURE 1: Carrageenophytes dry weight expressed as the percentage of fresh weight and carrageenan yields expressed as the percentage of dry

weight (average + standard error, n = 13).
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FIGURE 2: Carrageenophytes coverage in autumn/winter and spring/summer (average + standard error, n = 46).

M. stellatus presents a heteromorphic triphasic lifecycle
with a sporophytic crust, formerly Petrocelis cruenta [45].
Only the gametophytic phase was studied. The studied
population presents a predominance of nonfructified plants
in winter and a predominance of female gametophytes in
spring/summer (Figure 4).

C. teedei var. lusitanicus presents an isomorphic triphasic
lifecycle [31, 46]. In Buarcos bay population, the nonfruc-
tified thalli were dominant in all samples (see Figure 5);
the percentage varied from 43% (early autumn) to 82.5%
(early summer). The female gametophytes were present in
all samples, varying the proportion of 3% (late autumn) to
29% (late summer). The tetrasporophytes were also present
in all samples, with a maximum of 32.5% in autumn and

a minimum of 4% in summer. As compared to fructified
thalli, namely, the female gametophytes bearing cystocarps
(9.6£1.7%, n = 17), the tetrasporophytes are, generally, more
abundant (21 + 1.7%, n = 17). The average percentage of
nonfructified thalli was 69.4 + 2.2% (n = 17). The data on
seasonal variation in the percentage of individuals of each
generation have statistical significance (one-way ANOVA,
P < 0.001).

C. jubata shows an isomorphic triphasic lifecycle [47],
and the nonfructified plants were dominant in all samples,
except in a summer sample (August); the percentage varied
from 28.6% (summer) to 100.0% (autumn and early winter)
(Figure 6). The female gametophytes were present in 11 of
13 samples, varying the proportion of 2.4% (late winter)
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FIGURE 4: Population structure of Mastocarpus stellatus in Buarcos bay.

to 71.4% (summer). The tetrasporophytes were present in
4 of 13 samples, with a maximum of 17.3% in spring and
a minimum of 5.3% in winter. Comparing the fructified
plants, particularly female gametophytes (20.3 + 5.3%, n =
13), tetrasporophytes are always less abundant (11.3 + 1.5%,
n = 13). The average percentage of nonfructified thalli was
20.8 + 5.6% (n = 13). The data on seasonal variation in the
percentage of individuals of each generation have statistical
significance (one-way ANOVA, P < 0.001).

The female gametophytes of G. crenulatus (species with a
digenetic lifecycle) present reproductive structures known as
tetrasporoblasts [46, 48, 49]; these structures appear as exter-
nal wart-like excrescences. All the collected thalli showed
tetrasporoblasts. A. devoniensis presents a heteromorphic
triphasic lifecycle with crustose tetrasporophytes [46, 50].
Only the gametophytic phase was studied. The cystocarps

were present in the gametophytes sampled in December,
January, and March.

Our results are similar to those presented in other works
on the North Atlantic [17, 37, 38, 49, 51] and the Iberian
Peninsula carrageenophytes [1, 21].

3.4. Variation in Dry Weight and Carrageenan Content. The
dry weight and carrageenan content average values are shown
in Figure 1.The maximum carrageenan content in C. crispus
(see Table1) was found in a tretrasporic thalli sample in
summer, with 53.2% of dry weight; a sample of female
gametophytes presented the minimum value in late autumn,
with 10% of dry weight. The data on seasonal variation of
carrageenan content show statistical significance (one-way
ANOVA, P < 0.01).
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The maximum carrageenan content in G. pistillata
(Table 1) was found in a sample of female gametophytes, with
59.7% of dry weight in late spring; a sample of heterosporic
thalli presented the minimum value in late autumn, with
22.7% of dry weight. The data on seasonal variation of
carrageenan content show statistical significance (one-way
ANOVA, P < 0.001).

The population of M. stellatus is composed of about
50% of female gametophytes and 50% of nonfructified thalli,
both showing a similar maximum carrageenan content (see
Table 1) in summer, with about 41% dry weight. However, the
average carrageenan content (20.7+2.0%, n = 14) is relatively
low, when compared to other carrageenophytes from Buarcos
bay (Figure 1). The data on seasonal variation of carrageenan
content show statistical significance (one-way ANOVA, P <
0.001).

Dry matter in C. teedei var. lusitanicus (Figurel) var-
ied between 12.1 + 1.5% (n = 3) in late autumn and

17.5+0.8% (n = 3) in winter. The maximum carrageenan con-
tent (58%) was found in a tetrasporophyte sample collected
in summer (Table 1) and the minimum content was found
in a nonfructified sample, with 23% in winter. The overall
phycocolloid content was minimum (26.4 + 2.5%, n = 3) in
winter and maximum (43.6 + 12.5%, n = 3) in early summer.
The data on seasonal variation of dry weight and carrageenan
content have statistical significance (one-way ANOVA, P <
0.001 and P < 0.05, resp.).

The average dry weight in C. acicularis ranged from 18.3+
0.2% (n = 3) in late spring to 33.0 + 2.7% (n = 3) in
autumn. The average dry weight was 24.8 + 2.7 (n = 13).
The maximum carrageenan content (61.1%) was found in a
nonfructified thalli sample collected in summer (Table 1), and
the minimum content was found in a female gametophyte
sample, with 21.7% in autumn. The overall phycocolloid
content was minimum (29.4 + 4.3%, n = 3) in autumn and
maximum (55.5 + 4.6%, n = 3) in summer. The data on



seasonal variation of dry weight and carrageenan content
have statistical significance (one-way ANOVA, P < 0.001).

All the three remaining species, C. jubata, G. crenulatus,
and A. devoniensis, are producers of iota-carrageenan and
have been studied in other countries [49, 51, 52]. In gen-
eral, our results are in accordance with those studies. The
carrageenan content of these species is relatively low, varied
from 10.1% in A. devoniensis to 13% in C. jubata, passing by
12.4% in G. crenulatus. Furthermore, the cover (Figure 2) and
biomass are very low.

3.5. Carrageenan Composition. The ground seaweed samples
FTIR-ATR spectra (not shown) of C. crispus, M. stellatus,
and G. pistillata (female gametophytes) and the nonfructified
plants of C. crispus exhibit strong absorption bands in the
region of 930 cm™' (DA) and the region of 845 cm™! (G4S),
typical of the kappa-carrageenan. These spectra have low
absorbance in the region 805 cm™! (DA2S), which means the
presence of iota-carrageenan [8]. Female gametophytes of C.
crispus, M. stellatus, and G. pistillata and the nonfructified
plants of C. crispus ground seaweed FT-Raman spectra show
two bands in the region 807 cm™' (DA2s) and 850 cm™
(G4S), typical of kappa/iota-hybrid carrageenans. The occur-
rence of additional peaks 821cm™ (G/D6S), 830cm™
(G/D2S), and 870 cm ™" (G/D6S) shows the presence of mu-
and nu-carrageenan and biological precursors of kappa- and
iota-carrageenan, respectively [8]. Our results agree with
those obtained in other studies conducted with C. crispus
[7,53-55], M. stellatus [7, 56, 57], and G. pistillata [58-60].

In female gametophytes and nonfructified thalli of C.
teedei var. lusitanicus, the FTIR-ATR spectra show strong
absorption at 930 (DA) and 845 cm™! (G4S) and median
absorption in the band 805cm™ (DA2S). Additional peaks
at 867cm™' (G/D6S), 825cm™ (G/D2S), and 820cm™
(G/D6S), with little intensity, correspond to the presence of
carrageenan precursors (mu and nu). The presence of bands
at 820cm ™, 825cm™’, and 867 cm™’, corresponding to the
existence of precursors, is more evident in the FT-Raman
spectra. These results agree with those obtained in other
studies conducted with C. teedei [7, 8, 31, 61].

For the species A. devoniensis, G. crenulatus, and C.
jubata, the FTIR-ATR spectra show absorption bands at 930,
845, and 805 cm™", which represent the characteristic triplet
of the fraction iota, when dominant in a hybrid carrageenan.
The FT-Raman spectra of A. devoniensis and G. crenulatus
show two bands in the region 807 cm™' (DA2S) and 850 cm ™
(G4S), typical of hybrid kappa/iota carrageenans. The peaks
related to the carrageenan precursors, mu and nu, are
821cm™" (G/D6S), 830 cm™ (G/D2S), and 870 cm™" (G/D6S)
(8].

The intensity of the resonances in "H-.NMR spectra [14,
34] was used in this work in order to quantify the differ-
ent carrageenan fractions (see Table 1). The alkali-extracted
carrageenans showed lower sulphate content and a decrease
in galactose to the benefit of 3,6-anhydrogalactose. This
corresponds to the conversion of the 4-linked galactose-6-
sulfate in native samples to anhydrogalactose in the alkali-
extracted carrageenans. Thus, the carrageenan precursor’s mu
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and nu were converted into kappa- and iota-carrageenan,
respectively [31].

4. Conclusion

Several investigators [49, 51, 52, 54, 58] have described sea-
sonal fluctuations of carrageenan quantity and compositions
in some Gigartinales. In this study, most of the seaweeds
present high carrageenan contents in summer (C. crispus,
C. teedei var. lusitanicus, G. pistillata, C. jubata, and G.
crenulatus); however, the maximum carrageenan content in
C. acicularis and A. devoniensis is found in autumn/winter.

In C. crispus, the carrageenan content was low in autumn
and winter, a small increase occurred in early spring (April),
and the largest carrageenan content was recorded in samples
collected in summer (July). In G. pistillata, the carrageenan
content was low in autumn and winter, a large increase
occurred in early spring (March), and the biggest carrageenan
content was recorded in samples collected in spring (June)
and summer (July and August). In C. acicularis, carrageenan
content was low in autumn and winter, a small increase
occurred in early spring (March), and the highest car-
rageenan content was recorded in samples collected in sum-
mer (July). In M. stellatus, the carrageenan content was low in
winter and spring, a small increase occurred in early summer
(June), and the highest carrageenan content was recorded in
samples collected at the end of summer (September). In A.
devoniensis, the carrageenan content was low throughout the
study period and a small increase occurred only in summer
(June). In G. crenulatus, the carrageenan content was low
during the autumn, and a small increase occurred in winter;
the spring samples and in particular those of summer have a
higher carrageenan content. Finally, in C. jubata the yield was
low in autumn and winter; the highest carrageenan content
was recorded in samples collected in spring (May).

So, by the combination of high biomass and carrageenan
content available in summer, we can conclude that this is the
best period to harvest the Portuguese dominant carrageeno-
phytes, with the exception of C. acicularis, that will have to
be harvested in autumn/winter. Other studies carried out
in North Atlantic coasts showed an increase in carrageenan
content during summer and a decrease in winter, namely, in
C. crispus [54], C. jubata [51, 52], and G. crenulatus [49].

In relation to the nature of the phycocolloid, our vibra-
tional and resonance spectroscopic analysis showed that
the Portuguese carrageenophytes studied seem to present a
similar composition to that found in other species of Cysto-
cloniaceae, Gigartinaceae, and Phyllophoraceae families [5].

In conclusion, some species found in the central north
coast of Iberian Peninsula could be used for industrial
applications. Kappa, kappa-iota hybrid, and lambda fractions
can be provided by harvesting C. crispus, M. stellatus, C.
teedei var. lusitanicus, and C. acicularis. However, responsible
harvesting of natural populations must be always the norm,
because the nonsustainable procedures can have severe eco-
nomic and environmental impacts. On the other hand and
due to its limited stock in the western coast, G. pistillata
(source of hybrid kappa-iota and xi-lambda carrageenans),
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C. jubata, G. crenulatus, and A. devoniensis (sources of iota-
carrageenan) should be, in future, objects of culture essays in
order to research their potentialities in biomass production.
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