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The life history of Porphyra hollenbergii Dawson, a species endemic to the Gulf of California (Mexico), was investigated
in relation to temperature, photoperiod and photon fluence rates. The hypothesis was that its life history is controlled by
extremes of temperature (< 10°C to > 30°C), photoperiod (short/neutral/long) and photon fluence levels (low/high
light). Culture experiments were set up using a factorial 5 X 5 X 3 design with five photon fluence levels (10, 20, 40, 60
and 80) umol photons m ™2 s~ 1), five temperatures (10, 15, 20, 25 and 30°C) and three photoperiods [8:16, 12:12 and 16:8
light:dark (L:D)]. For the gametophyte phase, the optimal release of zygotospores was at 15°C, with photon fluence
level of 60 umol photons m ™2 s~ ' and long photoperiod 16:8 L:D. Germination was best at 20°C, a photon fluence level
of 60 pmol photons m 2 s~ ! and under a long photoperiod 16:8 L:D. The abundance of archeospores differed
significantly at temperatures of 25 and 30°C. The number of archeospores mm 2 of the conchocelis tufts was
significantly different in the long photoperiod 16:8 L:D when compared with the neutral 12:12 and short 8:16 L:D. The
abundance of conchosporangia at temperatures of 15, 25 and 30°C were different and differed from the other
conditions. In addition, abundance of conchosporangia mm 2 were significantly different in all photoperiod treatments.
Conchospores were released after 6 weeks at 10°C, 20 umol photons m 2 s~ ! at 8:16 L:D. On the basis of our results, we
found that water temperatures were the limiting factor for conchocelis growth. However, it is the combination of
photoperiod and high water temperatures that are the environmental conditions that appear to control the development
of archeospores and conchospores. Porphyra hollenbergii life history is controlled by an array of factors at each stage,

strongly suggesting the environmental influence of the habitat on this species.

KEY WORDS: Archeospores, Conchocelis, Conchospores, Endemic, Environmental, Reproduction

INTRODUCTION

Porphyra is a commercially important genus that is
dependent on cultivation practices and the need to bring
in new cultivars and species into production (Pereira &
Yarish 2010). The basic knowledge of the life history of
Porphyra species has been investigated since the mid 20th
century by Drew (1954), Conway & Cole (1977), Hawkes
(1977, 1978), Cole & Conway (1980), Notoya et al. (1992a,
b, 1993a, b), Kornmann (1994); Nelson & Knight (1996),
Notoya (1997) and Lindstrom ez al. (2008). Most of these
studies were primarily concerned with temperate species life
histories and their environmental regulation but rarely were
there any from subtropical or tropical areas.

Among the six Porphyra species recognized in the
Mexican Pacific, the life history is only known for Porphyra
gardneri Hawkes (Hawkes 1977, 1978) in the northeast
Pacific; Porphyra perforata J. Agardh (Hollenberg 1958;
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Martinez 1990; Polne-Fuller & Gibor 1990) in California;
Porphyra suborbiculata Kjellman (Freshwater & Kapraun
1986; Monotilla & Notoya 2004) from northwest Pacific
and Atlantic (Japan and North Carolina, respectively) and
Porphyra thuretii Setchell & Dawson (Conway & Cole 1977;
Hawkes 1981) in the northeast Pacific (Washington and
British Columbia). However, little is known from any
populations of these taxa from their southern boundary
limits, i.e. from the Mexican Pacific. Even less is known
about the life history of Porphyra hollenbergii Dawson
(Dawson 1944, 1953; Krishnamurthy 1972), a species
endemic to the Gulf of California.

The Gulf of California is located in the transitional area
from the tropical to temperate biogeographic regions in the
Mexican Pacific. The Gulf of California is a sea with
exceptionally high primary productivity (Alvarez-Borrego et
al. 1978; Alvarez—Borrego & Lara-Lara 1991), has a wide
range of seawater temperatures and photoperiods along its
length and has been isolated from the eastern Pacific Ocean
for about 1.3 to 3.5 million years (Johnson & Ledesma-
Vazquez 2009). The Gulf of California is also periodically



affected by major oceanographic events such as El Nifo.
However, little is known about the environmental control of
its seaweed populations (West & Guiry 1981; Scrosati 2001a,
b; Pacheco-Ruiz et al. 2003). For the endemic P. hollenbergii,
we expected the conchocelis phase to be the most tolerant
phase of its life history, enabling this taxon to survive the
extremes of temperature and photoperiodic conditions in the
Gulf of California (Alvarez-Borrego 1983; Blanco-Betan-
court et al. 2004; Martinez-Diaz de Leodn et al. 2006).

Dawson described P. hollenbergii in 1944 from the Gulf
of California (Dawson 1944). He mentioned that P.
hollenbergii is very similar to P. perforata f. segregata
Hus. The species was described as dioecious, epilithic,
membranous, pale rose (female) tending toward greenish
(vegetative) in color and yellow at the margins (male), with
packets of eight zygotospores and 64-128 spermatangia.
Since its original description by Dawson, P. hollenbergii has
only been found at six localities around the central Gulf of
California (Dawson 1944, 1953; Aguilar-Rosas et al. 2007).
The foliar phase of this species is distributed in the rocky
intertidal zone above 50-170-cm mean tide level and
develops from December to May when the thalli disappear
when water temperatures are above 25°C.

The objectives of our study were to unravel the
environmental complexities of the life history of P.
hollenbergii. Our goals were: (1) to determine the optimal
conditions (temperature, photon fluence levels and photo-
period) in which the conchocelis phase develops; (2) to
evaluate if there are additional reproductive propagules in
the conchocelis phase such as archeospores, conchospores,
and protothalli (terminology after Nelson ez al. 1999: 409);
and (3) to determine the optimal conditions for concho-
sporangia development and release of the conchospores.

MATERIAL AND METHODS

Female specimens of P. hollenbergii were collected on 30
April 2004 at the type locality of Agua Verde Bay, Baja
California Sur, 25°32'29.79"N, 111°07'40.45"W. After a
morphological evaluation of the plants, voucher material
was deposited in the Phycological Herbarium of the
Universidad Autéonoma de Baja California Sur (FBCS
11232-11236) and submitted for DNA sequencing (Gen-
Bank accession no. AY794401, used by Lynch ez al. 2008).
The surface of the blades was cleaned softly with a cotton
ball using sterilized seawater. Experiments were designed to
understand the main limiting factors for conchocelis
development. Small areas of reproductive tissue were
excised and placed in Petri dishes with Provasoli’s enriched
medium (PES) plus 4 mg I~ germanium dioxide (GeO»)
(within the range suggested by Lewin 1966) and left
overnight at 15°C, 25 pumol photons m 2s~! and 12:12
light:dark (L:D) photoperiod. Zygotospores were liberated
and transferred to new Petri dishes (100-mm diameter)
containing PES (Provasoli 1968; Bold & Wynne 1985;
Andersen et al. 2005). An antibiotic mixture (2 ml 17")
(streptomycin, penicillin, ampicillin 1 g 17! each) was used
to control cyanobacteria. The resulting conchocelis cultures
were deposited into the culture collection of the Instituto de
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Investigaciones Oceanologicas (Mex 1), Ensenada, Mexico.
They were maintained at 15°C, a photon fluence level of
80 pumol photons m~ 2 s~ ! and 8:16 L:D photoperiod.

Conchocelis growth experiments

A factorial designed experiment 5 X 5 X 3 was started using
five ‘tufts’ of conchocelis 1.5 to 2.0 mm in diameter in Petri
dishes in 20-ml volume with PES with temperatures of 10,
15, 20, 25 and 30°C; at photon fluence levels of 10, 20, 40,
60 and 80 umol photons m ™2 s~ !; and at photoperiods of
8:16, 12:12 and 16:8 L:D (VWR, model 2015 diurnal
growth incubators chamber).

Conchocelis tufts were placed in 0.5-litre flasks with PES
and gently aerated with air stones, under 15°C, 30 = 5 umol
photons m s~ ! and at 12:12 L:D, for 4 to 5 weeks to
increase biomass. For these experiments, conchocelis tufts
were again ground, using a common kitchen grinder, and
passed (aided by a spatula) through a 70-um filter onto a
50-um filter (glass fibre filter). The filaments trapped by the
second filter, between 50 and 70 um in size, were then
resuspended in seawater. One-millilitre aliquots of this
mixture were inoculated in Corning cell wells (six-well
plates with lid, 10-ml volume) and placed under different
combinations of light (25 and 75 pmol photons m 2 s~ !,
temperature (10, 15 and 20, 25 and 30°C) and photoperiod
(16:8, 12:12 and 8:16 L:D). The medium was changed
weekly.

The growth of conchocelis under the experimental
conditions was recorded weekly, as an increase in the area
(o), according to the formula:

n 2
=32 (7))
1
This formula is based upon a circle’s area, where the ray
(Dy/2) is obtained from the mean of two perpendicular
diameter measurements for each conchocelis (D;). The area
values were used to calculate specific growth rates (n), as
the mean percent increase per day, using the formula
(Pereira et al. 2004):

p={[In(o/0t)]100/¢

where o, and o are the conchocelis area at the end and at
the beginning of the experiment and 7 is the number of days.
This formula (DeBoer et al. 1978) assumes that growth is
exponential and was also used by Chopin et al (1999),
Stekoll et al. (1999) and by Pereira et al. (2004).

Archeospore formation

The filaments growing under the conditions described
above were monitored to determine reproductive condition.
Archeospore formation was identified by the presence of a
small peduncle (in conchospores this is not present). The
number of archeospores was determined per square
millimeter of conchocelis.

Conchosporangia formation

The filaments grown under the conditions described above
were also monitored for conchosporangia formation and
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release. The number of conchosporangia within the first 30
random observations in each well was recorded each week.
The percentage of reproductive conchocelis tufts was
calculated. Simultaneously, vegetative conchocelis tufts
from several conditions were transferred to different
environmental conditions. Several combinations of changes
in temperature, photoperiod and light intensity were tested.
These conchocelis were also followed weekly, as described
before, for conchosporangia formation.

All experiments were started using five tufts of con-
chocelis 0.5 to 2.0 mm in diameter in Petri dishes of 20-ml
volume. A three-way ANOVA was used with software from
SigmaStat (Version 3.5, 2006) a posteriori analysis on the
basis of Tukey’s multiple range test (Sokal & Rohlf 1995;
Zar 1999). Normality and homogeneity of variances were
checked before performing the ANOVA.

RESULTS

During the experiment we were able to find and identify
mature zygotosporangia at the exact moment of release
(Figs 1, 2). Afterward we were able to keep zygotospores
alive that produced the conchocelis phase from germinated
zygotospores (Figs 3, 4). We were able to observe arche-
ospore formation in the conchocelis phase and the release
and survival of archeospores (Figs 5, 6). Both branched
(Figs 7, 9, 10) and unbranched conchosporangia (Fig. 8)
developed. Mature conchosporangia released conchospores
that started to grow (Figs 11-13) into separate yellow male
and purple female gametophytic thalli (Figs 14-17). The
release of zygotospores from the gametophytic phase of P.
hollenbergii was observed between 10 and 25°C, 10 and
80 umol photons m 2 s~ ! and at 16:8, neutral 12:12 and
short 8:16 L:D photoperiods. These zygotospores germi-
nated between 10 and 30°C to form the conchocelis phase.

Conchocelis growth

The growth of the conchocelis phase of P. hollenbergii
occurred in a broad range of temperatures (10-30°C), at all
photon fluence levels (10, 20, 40, 60 and 80 umol photons
m 25~ !) and in all photoperiods (8:16, 12:12 and 16:8 L:D)
(Fig. 18). The best growth rates were observed at 20°C and
photon fluence levels of 40-60 umol photons m 2 s~ ' in
both long (16:8 L:D resulting in 6.48 = 0.54% increase of
filaments area d~!) and day-neutral photoperiod (12:12
L:D resulting in 6.43 = 0.43% area dfl). In contrast, the
best growth rate observed at 30°C was just 2.24 *= 0.18%
area d” !, under a short photoperiod of 8:16 L:D and at a
photon fluence level between 10 and 20 pumol photons
m~ 2 s~ ! All data were normal (P = 0.145), homoscedastic
(P = 1.000) and the three-way ANOVAs showed that only
water temperature caused significant differences (P
<0.001), whereas photon fluence level (P > 0.05),
photoperiod (P > 0.05) and their interactions (P > 0.05)
did not (Table 1).

Tukey’s a posteriori multiple range test applied to the
relative growth rate showed a significant difference between
the water temperature from 15 to 20°C; both conditions
had the highest rate of growth. It also showed that the rate

Figs 1-6. Reproductive structures of the gametophyte and sporo-
phyte stages in the life history of Porphyra hollenbergii. Scale bar =
50 um in all figures.
Fig. 1. Mature zygotosporangia.
Fig. 2. Zygotosporangia being released.
Fig. 3. Zygotospores free living.
Fig. 4. Filaments of the conchocelis phase at 15°C, photoperiod
16:8 L:D and photon fluence rate of 40 umol photons m™ 2 s~ .
Fig. 5. Archeospore formation in the conchocelis phase at 10°C,
photoperiod 12:12 L:D and photon fluence rate of 60 pumol
photons m 2 s~ 1.
Fig. 6. Free-living archeospore from the conchocelis phase of
Porphyra hollenbergii at 10°C, photoperiod 12:12 L:D photon
fluence rate of 60 umol photons m 2 s~ !

of growth at these two temperatures was significantly
different from the other temperatures tested (10, 25 and
30°C, P < 0.001).

Archeospore production

The archeospores that were produced by the conchocelis
were spherical and had red stellate chloroplasts (Fig. 6).
Archeospores were released during the entire experiment
under all conditions tested. They developed as lateral
outgrowths of the conchocelis filaments, being attached by
a small peduncle (Fig. 5) and reaching a diameter of 3.0—
4.5 uym. They were most abundant (Fig. 19) at 25-30°C,
photon fluence levels of 10-20 umol photons m >~ ' under
either long 16:8 L:D or short photoperiod 8:16 L:D with a
maximum number of 24.85 * 7.34 archeospores mm .
Lower abundances, 2.47 *+ 2.64 archeospores mm >
(Fig. 19), were found at 10, 15 and 20°C, photon fluence
levels of 10 pmol photons m 2 s ! and a neutral
photoperiod 12:12 L:D. The three-way ANOVA showed
that abundances of archeospores mm ™2 were significantly
different with water temperature (P < 0.001) and photo-
period (P < 0.001), whereas the photon fluence level did
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Fig. 7. Immature conchosporangia without ramifications. Scale bar = 50 um.
Fig. 8. Immature conchosporangia without ramifications, growing at 10°C, photoperiod 16:8 L:D and photon fluence rate of 60 umol

photons m 2 s~ !. Scale bar = 50 um.
Fig. 9. Conchosporangia with branches. Scale bar = 50 um.

Fig. 10. Conchosporangia with branches, growing at 25°C, photoperiod 16:8 L:D and a photon fluence rate of 40 umol photons m 2s™ .

Scale bar = 50 um.

Fig. 11. Conchosporangia mature after 60 days at 30°C, photoperiod 8:16 L:D and photon fluence rate of 20 pmol photons m~ 2> s~ !,

Scale bar = 20 um.

Fig. 12. Conchospore released after 60 days at 10°C, photoperiod 8:16 L:D and photon fluence rate of 20 umol photons m 2 s~ '. Scale

bar = 10 um.

not significantly influence archeospore abundance (P >
0.05) (Table 2). The Tukey’s a posteriori analysis showed
that the abundance of archeospores differed significantly at
temperatures of 25 and 30°C (P < 0.001). At 30°C there
was a higher number of archeospores mm 2 than at 10, 15
and 20°C (P < 0.001), and at 25°C archeospores were more

abundant per mm ™2 than at 15 and 20°C (P = 0.019 and
P = 0.091). The number of archeospores mm > of the
conchocelis tufts was significantly different in the long
photoperiod 16:8 L:D when compared with the neutral
12:12 L:D (P = 0.001) and short photoperiod 8:16 L:D
(P = 0.049).
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Figs 13-17. Gametophyte stage of the life history of Porphyra hollenbergii. Scale bar = 50 um (Figs 13, 14) and 2 cm (Figs 15-17).

Fig. 13. Conchospore development 3 days after its release.

Fig. 14. Conchospores 1 week after release with a gametophyte differentiated by its bipolar growth.
Fig. 15. Pale yellow male gametophyte of Porphyra hollenbergii from Bahia Agua Verde strain after 3 months.

Fig. 16. Pale rose young gametophyte thalli after 2 months.

Fig. 17. Red- and green-colored female gametophyte thalli after 3 months.

Conchosporangia formation

The conchosporangia were formed at all positions on the
conchocelis filaments (lateral, medial, apical). Between 10
and 20°C, the conchosporangia filaments did not branch
and the cells had different morphologies: rectangular, cubic
or elliptical (Figs 7—11). These filaments were more robust
and densely branched at 25 and 30°C, with immature
conchosporangial cells that were 35-40 um long and 25—
30 um wide. The conchosporangia were present at week
three and matured after week six. The optimal conditions
for conchosporangial production were 30°C, under a
photon fluence level of 20 pmol photons m~ 2 s~! and at
a short photoperiod 8:16 L:D (Fig. 20). However, released
conchospores were found only after 6 weeks at 10°C
(Fig. 12), under a photon fluence level of 20 umol photons
m 2 s ' in a short photoperiod (8:16 L:D). The highest
density of conchosporangia, =79 = 0.093 mm 2, was

found at 25 and 30°C, under a photon fluence level of 10
and 20 umol photons m ™2 s ! in a short photoperiod (8:16
L:D). The lowest values 0.05 = 4.63 mm ™2 of conchospo-
rangia were found at 15 and 20°C, and at a day-neutral
photoperiod (12:12 L:D). Three-way ANOVA showed
significant differences between temperature (P < 0.001)
and photoperiod (P < 0.001), but not photon fluence levels
in the abundances of conchospores mm 2 (P > 0.05)
(Table 3). The a posteriori Tukey’s test showed that the
abundance of conchosporangia at temperatures of 15, 25
and 30°C were different (P < 0.05) and differed from the
other conditions. The abundance of conchosporangia
mm ™2 was not significantly different (P = 0.083) at 10
and 20°C. In addition, abundance of conchosporangia
mm 2 was significantly different (P < 0.05) in all
photoperiod treatments. The abundance of conchospor-
angia mm > between the photon fluence level combinations

did not display any significant differences (P > 0.05).
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Fig. 18. Porphyra hollenbergii. Average growth rates of conchocelis
under different combinations of temperatures (10, 15, 20, 25 and
30°C), photoperiod (16:8, 12:12 and 8:16 L:D) and photon fluence
rate (10, 20, 40, 60 and 80 umol photons m ™2 s~ ).

DISCUSSION

On the basis of the results presented, the life history of the
dioecious species P. hollenbergii falls within the type IV
classification of Notoya (1997). Only zygotosporangia and
spermatangia were observed in the gametophytic phase.
Archeospores, conchosporangia branches and concho-
spores were found in the conchocelis phase. Protothalli
and protoplasts were not found as described by Cole &
Conway (1980), Kornmann (1994) and Notoya (1997). No
other structures (archeospores, neutral spores, agamospores
or endosporangia) (Kornmann 1994; Nelson & Knight
1995; Nelson et al 1999) were found in the gametophytic
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Fig. 19. Number of archeospores from the conchocelis phase of
Porphyra hollenbergii under different combinations of temperature
(10, 15, 20, 25 and 30°C), photoperiod (16:8, 12:12 and 8:16 L:D)
and2 photon fluence rate (10, 20, 40, 60 and 80 umol photons
m “s ).

phase, as observed for other dioecious species of Porphyra
(Notoya 1997).

In the conchocelis phase, water temperature and
photoperiod were the determining factors for the growth
and development of reproductive structures as reported
elsewhere for other species of Porphyra (Freshwater &
Kapraun 1986; Waaland er al 1990; Notoya 1997,
Ruangchuary & Notoya 2003; Pereira er al. 2004, Tables
4-6). The lack of influence of photon fluence level on life
history is also commonly reported in the literature for
Porphyra spp. (Waaland et al. 1987).

The optimal temperature for growth of conchocelis of P.
hollenbergii was between 15 and 20°C, which is similar to
that reported for other subtropical species including
Porphyra spiralis var. amplifolia E.C. Oliveira & J. Coll
and Porphyra vietnamensis T. Tanaka & Pham-Hoang Ho

Table 1. Three-way ANOVA on the effects temperature, photon fluence rates and photoperiod on the growth rates of the conchocelis phase

of Porphyra hollenbergii.

Sum of
Source of variation df squares  Mean square F P Significance

Temperature 4 5.0870 1.2720 148.83 <0.001 *

Photon fluence rates 4 0.0472 0.0118 1.3800 0.239 NS
Photoperiod 2 0.0380 0.0190 2.2230 0.109 NS
Temperature X photon fluence rates 16 0.1150 0.0072 0.8450 0.634 NS
Temperature X photoperiod 8 0.0763 0.0095 1.1170 0.35 NS
Photon fluence rates X photoperiod 8 0.0050 0.0006 0.0734 1 NS
Temperature X photon fluence rates X photoperiod 32 0.0345 0.0011 0.1260 1 NS

* Significant at P < 0.001; NS, not significant.

Table 2. Three-way ANOVA on the effects temperature, photon fluence rates, and photoperiod on the number of archeospores from the

conchocelis phase of Porphyra hollenbergii.

Source of variation df Sum of squares Mean square F P Significance
Temperature 4 1158.396 289.599 33.601 <0.001 *
Photon fluence rates 4 46.846 11.711 1.359 0.27 NS
Photoperiod 2 141.223 70.612 8.193 <0.001 *

" Significant at P < 0.001; NS, not significant.
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Fig. 20. Number of conchosporangia produced by Porphyra
hollenbergii under different combinations of temperature (10, 15,
20, 25 and 30°C), photoperiod (16:8, 12:12 and 8:16 L:D) and
photon fluence rate (10, 20, 40, 60 and 80 umol photons m 2s .

(Table 4; Ruangchuary & Notoya 2003; Sahoo et al. 2006).
Cool temperate species, such as Porphyra miniata (C.
Agardh) C. Agardh (Chen et al. 1970), Porphyra linearis
(Bird et al. 1972), Porphyra purpurea (Lu & Yarish 2010)
and Porphyra torta (Waaland et al. 1987), have optimal
growth between 5 and 15°C and photon fluence levels of 5—
100 umol photons m ™2 s~!. Other species, like Porphyra
seriata Kjellman and P. linearis Greville (Israel et al. 1999;
Kim & Notoya 2004) have the same optimum development
as reported in our study. The conchocelis phase of P.
hollenbergii develops when water temperatures are between
14 and 30°C (Blanco-Betancourt ez al. 2004; Martinez-Diaz
de Ledn et al. 2006). However, this type of development is
inhibited in September when the temperatures are above
30°C (Blanco-Betancourt ez al. 2004; Martinez-Diaz de
Leon et al. 2006). This growth response is similar to other

seaweeds from the Gulf of California that have an alternate
microscopic phase (such as in Chondrachanthus squarrulosus
as described in Pacheco-Ruiz & Zertuche-Gonzalez 1999).

The archeospores in the conchocelis phase of P.
hollenbergii occurred under all tested experimental condi-
tions. This strongly suggests that the conchocelis phase
perennates throughout the year in the Gulf of California by
reproducing itself via archeospores (Tseng & Chang 1956;
Conway & Cole 1977; Chen et al. 1970), potentially an
adaptation to subtropical environments. Archeospores of
the conchocelis phase have not been reported in both
tropical and temperate species with exception of Porphyra
abbottiae, which produces archeospores only in one
condition, 11°C, short photoperiod and 40 umol photons
m s~ ! (Lindstrom et al. 2008).

In all the conditions tested, conchosporangial branches
and conchosporangia were observed in P. hollenbergii.
However, the best conditions for conchosporangia forma-
tion were found at 30°C, 12:12 L:D and under a photon
fluence level of 40 umol photons m ™~ 2s™ !, which is similar to
Porphyra dioica (Holmes & Brodie 2004) and P. vietna-
mensis (Sahoo et al. 2006) (Table 5). Conchospore release
was found after 6 weeks as in other species of Porphyra
(Waaland et al. 1983, 1990; Avila et al. 1986; Freshwater &
Kapraun 1986; Stekoll et al 1999; Sidirelli-Wolff 1992;
Notoya & Nagaura 1998; Kim 1999; Orfanidis 2001;
Ruangchuary & Notoya 2003; Pereira et al. 2004; Sahoo
et al. 2002, 2006). However, conchospore release only
occurred between 10 and 15°C and at short day lengths,
which correspond to winter conditions in the Gulf of
California (Blanco-Betancourt et al. 2004; Martinez-Diaz
de Ledn et al. 2006). In other species, Porphyra rosengurtii
(Kapraun & Luster 1980), Porphyra columbina (Avila et al.
1986), P. abbottiae (Hannach & Waaland 1989), P.
vietnamensis, Lewmanomont & Chittpoolkusol (1993),
Porphyra leucosticta (Gargiulo et al 1994; Orfanidis
2001), Porphyra lacerata (Notoya & Nagaura 1999),

Table 3. Three-way ANOVA on the effects of temperature, photon fluence rates and photoperiod on the number conchosporangia of

Porphyra hollenbergii.

Source of variation df Sum of squares Mean square F P Significance
Temperature 4 11.466 2.867 144.399 <0.001 *
Photon fluence rates 4 0.151 0.0378 1.904 0.134 NS
Photoperiod 2 1.454 0.727 36.614 <0.001 *
* Significant at P < 0.001; NS, not significant.
Table 4. Comparative analysis of the optimal conditions for growth of the dioecious species of Porphyra.
Photon fluence
rates (umol photon Temperature

Species' Growth rates® m2s™ ! “O) Photoperiod References
P. dentata 6-mm diameter; ND 40, 10-25 20 14:10 &12:12 L:D Kim 1999; Sahoo et al. 2002
P. dioica 20% area d ! 25-75 15-20 8:16, 12:12 & 16:8 L:D  Pereira et al. 2004
P. lacerata 4-mm diameter 40 15-25 14:10 & 10:14 L:D Notoya & Nagaura 1998
P. linearis 200-mm? diameter 10-20 15-20 16:8 L:D Varela-Alvarez et al. 2004
P. pseudolanceolata 7.1% area d ! 100 15 ND Waaland et al. 1990
P. pseudolinearis 4.3-mm diam]eter; 40, 160 7-20 14:10 & 8:16 L:D Kim 1999; Stekoll et al. 1999

8.8% V d~

P. hollenbergii 6.5% area d ! 40-60 15-20 12:12 L:D This work

! In all the species the original name was preserved in all the tables even if it has been changed.

2 ND, not done; V, volume.
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Table 5. Comparative analysis of the optimal conditions for conchosporangia production in the dioecious species of Porphyra.

Photon fluence

rates (umol photon Temperature

Species! m 2sh O Photoperiod Time (days) References
P. angusta 20-80 27-29 9:15 & 14:10 L:D 14 Chiang & Wang 1980
P. dentata 10-80 10-30, 10-25 14:10 & 10:14; 12:12 L:D 42, 14 Kim 1999; Sahoo et al. 2002
P. dioica 25-75 5-20, 10-15 16:8; 8:16 & 12:12 L:D 21-42, 35-50 Holmes & Brodie 2004;

Pereira et al. 2004

P. koreana 10-80 15-25 14:10 & 10:14 L:D 14 Kim & Notoya 2003
P. lacerata 40 25 14:10 & 10:14 L:D 35 Notoya & Nagaura 1998
P. linearis 5-40 15-20 16:8 L:D 30 Varela-Alvarez et al. 2004
P. pseudolanceolata 35-40 6-10 12:12 & 14:10 L:D 14-21, 30-40 Waaland ez al. 1990
P. pseudolinearis 10-80 10-25 14:10 L:D 49 Kim 1999; Park et al. 2003
P. hollenbergii 20-40 10 8:16 L:D 40-50 This work

! In all the species the original name was preserved in all the tables even if it has been changed.

Table 6. Comparative analysis of the optimal conditions for conchospore release in the dioecious species of Porphyra.

Photon fluence
rates (umol photon

Species! m 2s Temperature (°C) Photoperiod Time (days) References
P. dentata 10-80 20 to 15 12:12, 10:14 L:D 14 Kim 1999; Sahoo et al. 2002
P. lacerata 40 25 to 10-15-20 14:10, 10:14 L:D 7-14 Notoya & Nagaura 1998
P. linearis 20 20 16:8 L:D 40-50 Varela-Alvarez et al. 2004
P. pseudolanceolata 30-40 6-10 12:12, 14:10 L:D 14-21, 30-40 Waaland ez al 1990
P. pseudolinearis 10-80 20 to 15 10:14 L:D 14 Kim 1999
P. hollenbergii 20 10 8:16 L:D 45-52 This work

! In all the species the original name was preserved in all the tables even if it has been changed.

Porphyra moriensis (Notoya & Miyashita 1999) and P.
linearis (Katz et al. 2000), conchospore release occurs after
a decrease in temperature and a change in photoperiod,
which differs from our study (Table 6).

We found that water temperature was the main limiting
factor for the conchocelis growth. However, it is the
combination of photoperiod and high water temperatures
that are the environmental conditions that appear to
control the development of archeospores and conchos-
pores. The foliar phase only develops below 25°C (Lopez-
Vivas, unpublished data) and when water temperature
increases above that level the alternate phase appear to
survive in more extreme conditions in the gulf. Porphyra
hollenbergii life history is controlled by a variety of factors
for each stage of its life history (vegetative and reproductive
in the conchocelis phase), thereby strongly suggesting the
physical influence of the habitat on the species. However,
the possibility that conchocelis is present continuously
through the year needs to be re-evaluated as an adaptative
mechanism for the fluctuating changes in the Gulf of
California oceanographic conditions (Kahru ez al. 2004;
Herrera-Cervantes et al. 2007).
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