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Abstract Porphyra is one of the world’s most valued
maricultured seaweeds and has been cultivated for several
hundred years in Asia. The objective of this study was to
produce critical information as a guide for the selection of
an appropriate Porphyra species from coastal New England
for the development of a land-based aquaculture system.
Four Northwest Atlantic Porphyra species: P. leucosticta, P.
amplissima, P. linearis and P. umbilicalis, were cultivated
for 1 and 2 weeks at saturated light intensities (100-
150 umol photons m *s ') and six combinations of
ammonium (25 and 250 pmoles L") and temperature (10,
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15 and 20°C). Specific growth rate (SGR) increased with
decreasing temperature in P. leucosticta, P. linearis and
P. umbilicalis and increased with increasing temperature in
P amplissima. The SGR of all species was greater at the
higher ammonium concentration. Porphyra linearis had the
highest SGR, increasing in biomass by approximately 16%
day'. Phycoerythrin (PE) content was higher at 10°C and
250 pumoles L™ in all species except P amplissima. The PE
content, measured as fresh weight (FW), of P. linearis
(29 mg g ' FW ") and P. umbilicalis (26 mg g ' FW )
was significantly higher than the other two species. Tissue
nitrogen content of all species measured in dry weight was
on average 1.45% higher at 250 pmoles L' than at
25 pumoles L™' ammonium concentration. Porphyra umbil-
icalis had the highest tissue nitrogen contents (6.76%) at
10°C and 250 pumoles L' ammonium. Based on these
results, P. linearis and P. umbilicalis should be considered
as potential candidates for bioremediation with finfish and
shellfish mariculture.

Key words Porphyra - nutrient uptake - temperature -
ammonium - bioremediation - mariculture

Introduction

An emerging problem of coastal fish mariculture is the
loading of inorganic nutrients into local waters (Beveridge
1987), which contributes to blooms of phytoplankton and
weedy macroalgae (Cuomo et al. 1993). Reducing the net
release of nutrients into the environment is, therefore, an
important issue; bioremediation of fish mariculture effluent
is an option that provides both ecological and economic
incentives. Integrated aquaculture, in which seaweeds are
grown downstream from the animals, is a process of
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bioremediation. It can reduce nutrient loading in coastal
waters because the nitrogen (N) and phosphorus (P) in the
animal effluent enable rapid growth of the seaweeds.
Obviously, the best seaweed to integrate into an animal
aquaculture operation is the one characterized by rapid
growth, high accumulation of N and P in tissue (ecological
value), and high commercial price (economic value; Troell
et al. 2003; Kraemer et al. 2004; Neori et al. 2004;
Carmona et al. 2006; Pereira et al. 2006). Therefore,
knowledge of ecological and physiological aspects of
seaweed growth are a very important part of the develop-
ment of an integrated aquaculture system.

Nitrogen has traditionally been considered the limiting
nutrient in temperate oceans both for phytoplankton
(Twomey and Thompson 2001) and seaweed communities
(Lobban and Harrison 1994; Harrison and Hurd 2001).
Generally, nitrogen addition increases photosynthetic activ-
ity and growth of seaweeds. Nitrogen is an indispensable
element incorporated in to many organic macromolecules
(proteins, nucleic acids and pigments). Synthesis of
chlorophyll @ (Chl @) and phycoerythrin (PE) also requires
N (Lobban and Harrison 1994). On average, proteins
contain about 15% N, nucleic acids about 13% N and PE
is comprised of up to 20% N (e.g., Harrison and Hurd
2001). Depending upon the polysaccharide content, algae
may contain between 3—10% N by dry weight (Ryther et al.
1981; Harrison and Hurd 2001; Carmona et al. 2006;
Pereira et al. 2000).

In general, algae can use a wide variety of nitrogenous
compounds to fulfill their N requirements: ammonia,
nitrate, urea, amino acids and nucleosides may be taken
up from the growth medium (Lobban and Harrison 1994),
with NOj and NH; being the primary sources in most
circumstances. Some seaweeds, such as Gelidium nudifrons
(Bird 1976) and Laminaria groenlandica (Harrison et al.
1986), take up NO; and NH; simultaneously and at the
same rate. Thus, these species have the potential to
assimilate more N per unit time if provided both forms of
N than if limited to only one N form for uptake. However,
in many species, NH; inhibits the uptake of NO3 by up to
50% (Conway 1977; DeBoer 1981). For instance, NH,
concentrations in the range 0.5-10.0 pumoles L' suppress
NO; uptake in phytoplankton cells by 50% (Conway
1977). Thalli of Gracilaria foliifera and Neoagardhiella
baileyi grown with NH; -N showed a greater biomass yield
than did NOj5 -cultured thalli and appeared to be capable of
storing more N (DeBoer et al. 1978; Bird et al. 1982).
Exposure of Gracilaria tikvahiae to NHj -enriched seawa-
ter also led to greater levels of phycoerythrin than did
exposure to the same level of NO; (Bird et al. 1982).
Porphyra yezoensis also prefers NH; in preference over
other nitrogen sources, such as NO;, NO,, amino acid and
urea (Amano and Noda 1987).

@ Springer

The genus Porphyra (Bangiales, Rhodophyta) is capable
of rapid growth and is an efficient nutrient concentrator.
Recently Carmona et al. (2006) measured specific growth
rates of Porphyra species exceeding 25% day ', and more
recent studies suggest this genus is capable of 45% day ' in
the short-term (Kraemer, personal communication). Since it
consists of one or two cell layers, Porphyra has an
extremely high surface area to volume ratio. With all cells
taking up nutrients, it is capable of rapid assimilation and
growth (Kraemer et al. 2004; Neori et al. 2004; Carmona et
al. 2006; Pereira et al. 2006). In addition, Porphyra is a
valuable source of food and, in Asia, this seaweed is
commercially maricultured to supply a billion dollar (U.S.)
annual market (Yarish et al. 1999; FAO 2003; He and
Yarish 2006). Porphyra contains high levels of protein
(25-50%), vitamins (higher vitamin C than in oranges),
trace minerals and dietary fibers (Noda 1993). Eighteen
types of free amino acids have been reported, including
taurine, which has been found to reduce blood cholesterol
levels (Noda 1993). This alga is also a preferred source of
the red pigment r-phycoerythrin, which is utilized as a
fluorescent “tag” by the medical diagnostic industry
(Mumford and Miura 1988).

Porphyra has been cultivated for the past several
hundred years in Japan and has become one of the most
successful aquaculture industries in Japan, Korea and China
(Mumford and Miura 1988; FAO 2003). In coastal New
England, a commercially valuable Asian taxon, P. yezoen-
sis, was selected for aquaculture trials in part because little
was known of the biology of the native New England
Porphyra species. Porphyra yezoensis was not grown
successfully because the gametophyte was not well adapted
for the temperature and nutrient regimes of northeastern
Maine’s coastal environment (Yarish et al. 1998). There-
fore, selection of an appropriate local Porphyra cultivar is
necessary for a successful integrated aquaculture system.

A wide variety of biological factors, such as inter-
individual variability, nutritional history, type of tissue, life
history stage/age, surface area:volume ratio of the thallus,
and blade morphology, may influence the nutrient uptake
and growth. Young tissue exhibit higher rates of uptake and
growth than older tissue and therefore one must be careful
when uptake rates are determined only on portions of the
thallus (Kraemer and Yarish 1999). For example, the kelp
Laminaria groenlandica is a perennial plant wherein the
first year plants have higher uptake rates than the third year
plants (Harrison et al. 1986). Younger blades and small size
tissue of Porphyra yezoensis also grow at a significantly
higher rate than mature blades and large size tissue (Hafting
1999). To avoid these biological effects, materials size and
age should be considered.

The primary objective of this study was to collect
physiological measurements to guide the selection of an
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appropriate species of Porphyra (P. leucosticta, P. linearis,
P umbilicalis and P. amplissima) from coastal New
England to be used in the development of an integrated
land-based aquaculture system. This will enable us to
compare the efficiency of different species of Porphyra as
nutrient scrubbers to decide which candidate would be best
suited for bioremediation. We present here results that
describe the influence of temperature and nutrient avail-
ability (ammonium concentration) on growth rate, phyco-
erythrin content, tissue N content and N removal from the
media.

Materials and methods
Algal material and culture

Porphyra amplissima (Kjellman) Setchell et Hus (ME-32p)
used in this study was in culture at the Marine Biotechnol-
ogy Laboratory of the University of Connecticut at
Stamford. The strain of Porphyra amplissima was original-
ly collected from Gore Point, Cobscook Bay, Maine, USA.
Porphyra leucosticta Thuret in Le Jolis was collected in the
mid intertidal zone at Groton and Waterford, Connecticut,
USA, in March and May 2002. Porphyra umbilicalis
Kiitzing and Porphyra linearis Greville were collected in
the upper intertidal zone at Rye, New Hampshire, USA, in
March 2003.

Experiments were carried out for 1 or 2 week(s) in S0L
tanks at saturating light intensities (100—150 pwmol photons
m s '; Kraemer and Yarish 1999). Two 50L tanks were
contained in each of 9 water baths. Temperature in each
water bath was controlled independently via 1,000-W
immersion heaters. Light was supplied by 400W Ceram-
alux lamps (Philips, Somerset, N.J.) placed above each pair
of tanks. Irradiance was measured by a light meter (LI-
185A, Li-Cor) and adjusted with neutral density filters.
Photoperiod was 12:12 h L:D. The culture medium was
filtered (0.45 pm) and UV-irradiated seawater with von
Stosch’s enrichment (Ott 1965) without nitrogen and
phosphorus. Nitrogen and phosphorus levels were regulated
by addition of ammonium (NH4Cl) and phosphate
(Na,HPO,) to cultures twice a week at a molar N:P ratio
of 10:1. The initial stocking densities of each tank for
P. leucosicta, P. linearis P. umbilicalis and P. amplissima
were 0.08, 0.1, 0.14 and 0.08 g L', respectively.

Acclimation

Porphyra leucosticta, P. umbilicalis and P. linearis, were
acclimated for 4-6 days in gently aerated, Avery Point
(Conn.) filtered seawater at 10°C and 50-100 wpmol
photons m s ' under a 12:12 L:D photoperiod. Filtered

seawater was renewed daily to maintain a stable nutrient
status in the algal tissues during acclimation. After
acclimation, discs (20 mm diameter) of P. leucosticta
and P. umbilicalis were punched from different blades and
cultivated for 2 days under the same conditions to allow
recovery from wounding effects (Drew 1983). Whole
blades (5x1 cm) of P. linearis and P. amplissima were
used. As the Porphyra amplissima had been grown in von
Stosch enriched seawater, an acclimation period was
considered unnecessary.

Experimental design

The experiments were conducted using a split-plot, ran-
domized complete block design, with temperature (three
levels) as main plots and ammonium (two levels) as
subplots, resulting in a total of six treatment combinations,
each with three replicates. The design accommodated
practical limitations in temperature and ammonium control:
three levels of temperature (10, 15 and 20°C) and two
ammonium concentration (25 and 250 pmoles L™"). The
ammonium and temperature levels reflect the range in
marine aquaculture (Day 2003; Carmona et al. 2006).

Measurements

At 1-week intervals, all of the biomass in each tank was
weighed (fresh weight; FW) and samples were taken for
dry weight and pigment analysis. The FW were obtained
after blotting the thalli dry with paper towels. Dry weight
(DW) and moisture content were calculated by drying a
sample of the biomass at 60°C to constant weight. Specific
growth rate (SGR, expressed as % increase day ') was
calculated as follows:

InS, —In S,
SGR =——— x 100
T, - T 8

where S; and S, are the fresh weight at days T; and T,,
respectively. PE was extracted using a modification of the
method of Beer and Eshel (1985). Approximately 100 mg
FW of tissue was ground in a mortar with pestle in 0.1 M
phosphate buffer (pH 6.5) and kept at 4°C before being
centrifuged at 19,000 g for 15 min. The supernatant was
analyzed with a Spectronic Genesys 5 spectrophotometer.
PE content was calculated according to the equations used
in Beer and Eshel (1985). For the analysis of tissue total N
and C content, samples were dried at 60°C before being
ground. The powder was analyzed using a Perkin Elmer
2400 series II CHNS/O elemental analyzer. Specific growth
rate, tissue PE, nitrogen and carbon content were deter-
mined weekly.
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N removal was calculated using the equation,

N removal (mg N g’ldayfl)

(B x Tissue N;) — (Bg x Tissue Np)
(Bt'iZ‘B()) Xt

DW
FwW

where B, and B, are the biomass at days ¢ and 0
respectively. The difference in biomasss-specific nitrogen
removal ability between species and between conditions
can be compared with this method.

Statistical analysis

Two-way split-plot ANOVA (x=0.05) was used to analyze
data. When ANOVA indicated treatment effect of temper-
ature or an interaction between ammonium level and
temperature, Tukey’s HSD analysis («=0.05) was used as
a post hoc test to determine pairwise comparison probabil-
ities between treatment level means. All statistic analyses
were done using Minitab (release 13, Minitab. State
College, Pa., USA).

P. leucosticta

O25 @250

15 +

Y

0+ g

Specific Growth Rate (% d'l)

o 0T P. umbilicalis
X
< 15+
<
&~ a
= ac
2 10 + c ac
S 5+ T
b=
4
2 0 % |
10 15 20
Temperature (°C)

Fig. 1 Growth rate of Porphyra leucosticta®, Porphyra linearis**,
Porphyra umbilicalis** and Porphyra amplissima* grown at 10, 15
and 20°C and 25 and 250 pmoles L™ ammonium. Error bars
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Results
Growth

Temperature significantly influenced the growth rate of all
species. The growth rate of Porphyra leucosticta was
higher at 10 and 15°C than at 20°C (Fig. 1; p=0.01).
Porphyra linearis and P. umbilicalis grew fastest at 10°C
(Fig. 1). However, P. amplissima showed the higher growth
rate at 20°C than that at the lower temperatures (Fig. 1).

Nutrient availability also significantly influenced growth
rate. The growth rates of Porphyra linearis and P.
umbilicalis were significantly higher at 250 pmoles L'
ammonium than that at 25 pmoles L' ammonium concen-
tration (Fig. 1; p<0.022). Of the four species studied,
Porphyra linearis had the highest growth rate, increasing in
biomass by about 16% day ' over 14 days at 10°C, while
other three species grew at about 10% day ' at optimum
conditions.

Phycoerythrin content

The phycoerythrin (PE) content was affected by temperature
(»<0.027) at high ammonium concentration in all species

P. linearis

a
a a a
a
b
b
i FLi i |
0 1 1 0 1 1

20 P. amplissima
15 +
(o3
10 + c
b b
51 ab i a
0 } }
10 15 20
Temperature (°C)

represent standard error. Bars with the same letter are not significantly
different (p>0.05; *first week's results, **average results over first
2 weeks)
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except Porphyra amplissima (Fig. 2). The PE contents of P,
leucosticta were higher at 10°C than at other temperatures and
P, linearis and P. umbilicalis showed significantly higher PE
contents at 10 and 15°C. The PE content of P. linearis and P,
umbilicalis was on average 90% higher at 250 umoles L' than
at 25 umoles L™ ammonium concentration at all temperature

Temperature (°C)

represent standard error. Bars with the same letter are not significantly
different (p>0.05; *first week's results, **average results over first
2 weeks)

conditions (Fig. 2; p<0.012). The PE content of P. linearis
(29 mg g ' FW ') and P umbilicalis (26 mg g ' FW ') was
much higher than P. leucosticta and P. amplissima. For P
linearis, the effect of temperature on PE content was greater at
high than at low ammonium levels; similar interactions were
not found in the other species.

Table 1 Tissue C and N contents and C:N ratio of Porphyra leucosticta*, Porphyra linearis**, Porphyra umbilicalis** and Porphyra
amplissima* (Means+S.D; * : 1st week's results, ** : average results over 2 weeks)

C (%) N (%) C:N
25 uM 250 uM 25 uM 250 uM 25 uM 250 pM
P. leucosticta
10°C 38.31 (+0.10) 39.64 (£0.17) 2.63 (£0.06) 4.95 (£0.11) 14.58 (+0.33) 8.02 (£0.15)
15°C 51.13 (+£8.64) 39.59 (£0.23) 3.58 (£0.64) 4.69 (£0.12) 14.40 (£0.23) 8.47 (£0.18)
20°C 38.06 (+£0.30) 39.84 (£0.03) 2.25 (+0.08) 4.59 (£0.04) 16.98 (£0.61) 8.68 (+£0.08)
P. linearis
10°C 37.82 (£0.43) 35.94 (£2.11) 4.60 (+0.52) 5.66 (+0.18) 8.27 (+0.84) 6.34 (£0.19)
15°C 37.08 (£0.78) 37.61 (£0.27) 4.73 (x0.15) 5.81 (£0.06) 7.85 (£0.09) 6.47 (£0.09)
20°C 38.62 (£1.66) 37.41 (£1.44) 4.79 (x0.45) 5.57 (£0.24) 8.02 (+0.54) 6.71 (£0.05)
P. umbilicalis
10°C 37.19 (£0.64) 38.82 (+0.30) 3.89 (£0.07) 6.76 (£0.27) 9.57 (£0.01) 5.75 (£0.28)
15°C 38.00 (+0.85) 39.64 (£1.85) 4.24 (£0.23) 6.62 (+£0.31) 8.97 (x0.31) 5.99 (£0.01)
20°C 37.22 (£2.14) 39.46 (£0.55) 436 (+0.31) 6.31 (£0.43) 8.55 (£0.41) 6.27 (£0.47)
P. amplissima
10°C 37.09 (£1.48) 36.93 (£0.78) 3.71 (£0.12) 3.92 (£0.04) 10.00 (+0.08) 9.42 (£0.11)
15°C 32.42 (£6.06) 36.75 (£1.32) 3.28 (£0.41) 4.08 (£0.21) 9.86 (+0.61) 9.02 (£0.65)
20°C 34.91 (£2.34) 37.04 (£1.20) 3.56 (£0.34) 3.87 (£0.03) 9.85 (+0.86) 9.57 (£0.38)
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Carbon, nitrogen contents, and C:N ratio in tissue

Carbon contents of all species did not differ at different
temperature and ammonium concentrations (p>0.05), ex-
cept that carbon content of P. leucosticta at 25 pmoles L™
and 15°C (51.13%) was higher than at other conditions.
Nitrogen values in tissue varied from 2.25% (P. leucosticta
at 25 pumoles L' and 20°C) to 6.76% (P. umbilicalis at
250 pmoles L ™" and 10°C). Temperature alone had no effect
on tissue nitrogen content of any Porphyra species (p>
0.05). Ammonium concentration significantly affected
nitrogen content (p<0.001) in all species. The tissue
nitrogen content of all species was on average 1.45%
higher in the DW at 250 pmoles L' than at 25 pumoles L™
ammonium concentration. This percentage represents the
absolute difference between two values. Porphyra umbil-
icalis had the highest tissue nitrogen contents (6.76%) at
10°C and at 250 pumoles L' ammonium (Table 1). The
starting C:N ratio of the algac was between 7.2 and 9.5.
Lower C:N ratios were observed in all Porphyra species
grown at 250 umoles L™ than at 25 pmoles L™ ammonium
concentration over 14 days. Porphyra leucosticta showed
the highest ratio (up to 16.98) under 25 pmoles L'
ammonium (Table 1).

Nitrogen removal

The nitrogen removal ability of Porphyra was affected
by temperature and ammonium concentration. In
= 1.5 P. leucosticta

= 25 250
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Fig. 3 Nitrogen removal by Porphyra leucosticta*, Porphyra
linearis**, Porphyra umbilicalis** and P. amplissima* grown at 10,
15 and 20°C and 25 and 250 pmoles L' ammonium. Error bars

@ Springer

d
b -_A
1

P. leucosticta, P. linearis and P. umbilicalis, N removal
decreased with increasing temperature and was higher at
high ammonium concentration than at low ammonium
concentration (Fig. 3). The highest N removal capability
of P. leucosticta occurred at 10 and 15°C; for P. linearis
and P. umbilicalis it was at 10°C, and for P. amplissima it
was at 20°C. The N removal of P. umbilicalis (1.30 mg
N g ! day ' DW) and P. linearis (1.28 mg N g~ ' day '
DW) was markedly higher than P. leucosticta at 10°C
and P. amplissima at 20°C (0.92 and 0.56 mg N g !
day ' DW, respectively) and 250 pmoles L' ammonium
concentration.

Discussion

Porphyra linearis grew at over 16% SGR, which was
significantly higher than that of other seaweeds being used
for integrated aquaculture, e.g., Laminaria saccharina (9%
day™'; Subandar et al. 1993), Gracilaria parvispora (10%
day'; Nelson et al. 2001) and Ulva pertusa (12% day ';
Kim and Han 1999). Porphyra umbilicalis has a high
capacity for nitrogen accumulation (6.76% tissue nitrogen
at optimal conditions). This value is also much higher than
that of other maricultured seaweeds, including Chondrus
crispus (4.8%; Asare and Harlin 1983), Gracilaria pacifica
(4.18-4.59%; Naldi and Wheeler 1999) and Laminaria
saccharina (3.42%; Gevaert et al. 2001). It is even
markedly higher than other efficient nutrient scrubbers

P. linearis
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Porphyra amplissima (p<0.05)

such as Ulva rotundata, Ulva intestinalis, Ulva fenestrate
and Ulva pertusa (3.06%, 3.35%, 4.71% and 5.07%,
respectively; Liu and Dong 2001; Hernandez et al. 2002).

Some species grow well under conditions in laboratory
that never occur in their native environment. For example,
the distribution of the red alga, Polyneura hilliae, indicates
that it grows well between 11 and 15°C. However, Yarish
et al. (1986) reported that the alga grew very well from 10
to 20°C under laboratory conditions. Below 5°C and above
25°C, temperatures never experienced in nature, Polyneura
hilliae died. Another red alga, Calliblepharis ciliata,
showed similar tendencies (Yarish et al. 1986). The
fundamental niche describes the environmental “space”
within which a species can survive and reproduce in the
absence of biotic interactions. Competition, predation, and
parasitism restrict organisms to the realized niche, only a
part of the fundamental niche (Hutchinson 1958). Temper-
ature is an important part of the ecological niche, a concept
that is often used to describe the range of tolerance
(Lampert and Sommer 1997). Hutchinson (1958) empha-
sized that organisms have ranges of tolerance for many
environmental factors, rather than only a single factor.
Stress in one abiotic factor may reduce the tolerance range
of another; the optimal environment in aquaculture most
probably broadens the environmental tolerance ranges
of some seaweeds. In the present study, P. leucosticta,

P. linearis and P. umbilicalis grew well at low temper-
ature similar to those of the natural habitat of its
gametophytes. However, P. amplissima attained the
highest growth rate at 20°C, a temperature above the
highest reached in the field (Chopin et al. 1999).

Porphyra amplissima gametophyte is present from
spring through autumn along the coast of Maine, where
sea surface temperatures generally range between 0-15°C
(Chopin et al. 1999; Yarish et al. 1999). Porphyra
leucosticta is common in winter/spring in Connecticut,
(USA) when water temperatures range between 1-16°C.
Therefore, P. leucosticta was expected to be at least as
tolerant of higher temperatures as P. amplissima because
P amplissima is rarely found south of New Hampshire
(Chopin et al. 1999). However, Porphyra amplissima grew
well at high temperature, which demonstrated higher temper-
ature tolerance than the other three species. P amplissima
gametophytes came from conchospores grown in the lab
without the effects of biotic interactions while other three
species came from the field which was previously exposed to
biotic interactions.

Recently, Day (2003) and Carmona et al. (20006)
reported for P. amplissima a specific growth rate of over
32% day ' at 12°C and 25% day ' at 15°C, respectively.
However, the growth rate of P amplissima measured during
the present study was much lower, possibly due the effect
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of tissue age. Porphyra amplissima used in this study was
mature (over 10 cm), while Day (2003) and Carmona et al.
(2006) used younger blades. Young tissue has much higher
growth and nutrient uptake rate than older tissue (Kraemer
and Yarish 1999; Harrison and Hurd 2001).

The ability to store N has ramifications in management
techniques in algal aquaculture. Previous studies have
shown that Gracilaria is able to take up ambient N very
rapidly and store it in organic form for later use during
periods of N-limitation (Bird et al. 1982). Gracilaria can
obtain and store enough nitrogen for non-limited growth if
given a single pulse of nitrogen every 2 weeks (Ryther et al.
1981). This storage is reflected in thallus N contents (3—
5%), which can be substantially higher than those indicat-
ing N deficiency (1.5-2%; Ryther et al. 1981). Pigments
are sensitive to the N status of the algae and probably
decline due to growth and a lack of sufficient ambient N for
continued synthesis of the new pigments. Increases in the
chlorophyll a content with increases in cellular N are well
known for algae (Fogg 1965). Studies of the red alga
Gracilaria tikvahiae indicated that chlorophyll and carot-
enoid pigments did not contribute greatly to the overall N
content (Bird et al. 1982).

Our results indicate a storage function for phycoery-
thrin (PE) pigments in Porphyra tissue (except for
P. leucosticta; Fig. 4). At 250 pmoles L' ammonium
level, pigment and tissue N contents were significantly
greater than those at lower level of ammonium. This
supports other studies that arrived at the same conclusion
(Carmona et al. 2006). PE comprised 20% of total N but
decreased markedly under N-limitation (e.g., Harrison and
Hurd 2001). PE as a ratio of total protein decreased when
tissue N content fell below 1.8% (Bird et al. 1982). Perhaps
at incipient N limitation these pigments are preferentially
utilized to support continued growth. Porphyra linearis
and P. umbilicalis exhibited much higher PE contents (276
and 205 mg g ' DW ' respectively; calculated from PE
contents FW ') than that reported for P yezoensis (40—
60 mg g ' DW'; Yan et al. 2000) grown under nutrient
enriched conditions. The high PE and tissue N contents
may explain how P. umbilicalis and P. linearis can remove
N at higher rates (1.30 mg N g™ day ' DW and 1.28 mg
N g ! day ' DW respectively) than the other two species
(Fig. 3).

In many coastal areas, blooms of fast-growing opportu-
nistic seaweeds have replaced the previously dominant
species. Such blooms may be due to increased loading of
inorganic nutrient into the seawater, decreased herbivore
activity, global warming, or a combination of these effects
(Raffaelli et al. 1998). The former is potentially controlla-
ble. Fish farms are a major source of released nutrients
(Ackefors and Enell 1994). All species of Porphyra used in
this study thrived in ammonium concentrations as high as
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those measured in fish farm effluent (Day 2003), and had
much higher growth rates (10-16% day ') than under
natural lower ammonium concentration.

The efficiency of the different species of Porphyra as
nutrient scrubbers, as well as the economic potential,
temperature range and growth ability may be examined to
decide which candidate(s) would be best suited for
bioremediation of aquaculture effluent. Porphyra leucos-
ticta and P. linearis exhibit excellent gustatory properties
(Chopin et al. 1999), while P. umbilicalis and P. amplissima
may be marketable for a variety of industrial and
biotechnological uses (taurine and r-phycoerythrin; Chopin
et al. 1999; Carmona et al. 2006). Our results indicate the
possibility of inter-specific variation in growth, N accumu-
lation and PE content as functions of temperature and
ammonium availability. For year-round ammonium remov-
al and production of Porphyra and phycobiliprotein,
several species should be used in rotation according to
their seasonality (Day 2003; Kraemer et al. 2004).
Porphyra has two phages, the gametophytic blade and a
microscopic conchocelis (sporophytes). The transition
between life history stages may limit the use of Porphyra
for bioremediation throughout the year. The rotation of
different species may be a solution to set off the
disadvantage of having the conchocelis phage for aquacul-
ture use.

Our study demonstrated that P, linearis and P. umbilicalis
had high PE contents, as well as high nitrogen uptake and
fast growth, making these species candidates for bioreme-
diation of effluents from land-based finfish and shellfish
mariculture. The growth of Porphyra may be affected by
contaminations such as heavy metals or persistent organic
compounds. Therefore, Porphyra may not be suited for the
open water system or sewage treatment, but can be used for
an integrated land-based aquaculture system which can
control most of contaminations.

Porphyra amplissima grew well at the high temperature
(20°C) condition, but the apparent low nutrient uptake
capability and low PE content seem to make this species
less suitable for bioremediation. Early life history stages
usually have higher nutrient uptake and growth rates than
mature thalli of the same species (Kraemer and Yarish
1999). Therefore, further study of the effect of temperature
on the bioremediatory performance of young P. amplissima
tissue should be performed if this species is to be utilized at
high temperature.
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