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ferent tidal elevations are exposed to various frequencies and durations of
emergence. Their physiological activities (e.g. nutrient uptake) may be affected by water loss during
emersion. We used three Porphyra species from different tidal elevations to test whether species at different
vertical elevations on the shore respond differently to the increasingly non-marine environment, in terms of
their physiological activities including nutrient uptake, tissue carbon, nitrogen and phycoerythrin contents.
Simulated tidal cycles produced water losses of 0%, 40±10% and 90±5% tissue water. Emersion was stressful
for all species regardless of their habitat. It was more stressful to nitrate and phosphate uptake for the
sublittoral species P. yezoensis than eulittoral species, P. umbilicalis and P. leucosticta. Interestingly, tissue N
for thalli that had been emerged and then re-submerged was significantly higher than those of continuously
submerged individuals. During exposure, tissue N contents of all species declined but recovered quickly (e.g.
within 30 min) after re-submergence. This result suggests that emersion-induced N release may constitute
an undescribed biogeochemical pathway linking marine, terrestrial, and atmospheric N reservoirs.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Eulittoral zonation is reflected in the distinctive vertical patterns of
organism distribution. Marine ecologists and physiologists have
studied eulittoral zonation for nearly a century (Baker, 1909, 1910;
Lewis, 1964; Edwards, 1977; Hurd and Dring, 1990; Davison and
Pearson, 1996; Beach and Smith, 1997; Skene, 2004). Organisms in the
eulittoral zone are regularly exposed to the air by the ebb and flow of
the tide. Species living in a particular environment (e.g., at one
elevation on the shore) may be better adapted to live, grow, and
reproduce in that environment than organisms that grow elsewhere.
While emerged, eulittoral organisms experience various environ-
mental challenges including high light, exposure to ultraviolet light,
desiccation, extremes of temperature and salinity, and nutrient
unavailability. We expect that eulittoral species are better adapted
to tolerate such environmental challenges than sublittoral species
(Lüning et al., 1990).

Eulittoral seaweeds at different tidal elevation are exposed to
different frequencies and durations of emergence. Their growth and
physiological activities, such as photosynthesis and nutrient uptake,
may be affected by emersion. The ability to withstand emersion and to
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recover physiological function following emersion is likely a major
determinant of suitability for life within the eulittoral zone. Recently,
Kim et al. (in review) found that desiccation was more stressful to a
sublittoral species of Porphyra than a eulittoral one in terms of growth.
When the sublittoral P. amplissima experiences longer emersion, it
loses biomass, while the eulittoral species P. umbilicalis grew at rates
approximately 70% of those of continuously submerged tissues. Kim
and Yarish (in review) also found that lower littoral species,
P. leucosticta and another sublittoral species P. yezoensis lost weight
under longer period of emersion.

No relation is reported to exist between the ability to retain water
and the vertical distribution of eulittoral seaweeds (Ji and Tanaka,
2002). The resistance of photosynthesis to desiccation also does not
explain the distribution of seaweeds in the eulittoral zone (Dring and
Brown, 1982). However, losses of inorganic and organic N and P after
desiccation have been reported for eulittoral seaweeds, and the degree
of N and P release was dependant on vertical habitats of seaweeds
(Thomas et al., 1987a; Hurd and Dring, 1991). For example, Gracilaria
pacifica from an upper littoral habitat had lost nitrogen after 50%
water loss, while sublittoral plants lost nitrogen after only 10% water
loss (Thomas et al., 1987a). The release of N and P (organic and
inorganic) may indicate the disruption of the cell membrane (Thomas
et al., 1985; Hurd and Dring, 1991). Photosystems are also damaged by
desiccation, which causes a decrease in the production of reductant
and reduces carbohydrates available for nitrogen assimilation (Proctor
and Smirnoff, 2000). Therefore, the rate of recovery of physiological
functions such as carbon metabolism and nutrient uptake following

mailto:jang.kim@uconn.edu
http://dx.doi.org/10.1016/j.jembe.2008.07.040
http://www.sciencedirect.com/science/journal/00220981


76 J.K. Kim et al. / Journal of Experimental Marine Biology and Ecology 365 (2008) 75–85
emersion of eulittoral seaweeds is more important in determining
patterns of vertical distribution than tolerance to desiccation (Quadir
et al., 1979; Bidwell and McLachlan, 1985; Johnston and Raven, 1986;
Gao et al., 1999; Kim et al., in review).

While post-emersion phosphate uptakewas not enhanced, the rate
of recovery of phosphate uptake was correlated with the vertical
zonation of seaweeds (Hurd and Dring, 1990). Emersion also appears
to enhance short-term uptake of nitrogen upon resubmersion in some
eulittoral species (Thomas et al., 1987b). An increase in N uptake
following emersion could be a mechanism to replenish N stores
depleted when thalli are isolated from the source of nutrients. The
degree of stimulation of N uptake following emersion may be
correlated with observed vertical distribution patterns. Upper shore
species may exhibit greater stimulation of N uptake following
emersion, may achieve maximum uptake at higher levels of desicca-
tion, andmay be able to take up N following longer period of emersion
that inhibits uptake by low-shore species. The difference in a
seaweed's ability to acquire a resource following a period of limitation
(i.e., emersion) may be another critical physiological factor controlling
the vertical distribution patterns of seaweeds (Thomas et al., 1987b;
Hurd and Dring, 1990; Davison and Pearson, 1996).

Seaweeds take up N from seawater and store it in organic and
inorganic forms for later use, especially during periods of N depletion
Fig. 1. Nitrate uptake rates of Porphyra species from different tidal elevations and different e
P. umbilicalis (shorter and longer emersion, respectively), (b) and (d): lower littoral P. leucostic
and longer emersion, respectively). Shaded areas represent exposure time. Error bars repre
(Bird et al., 1982). For example, Gracilaria tikvahiae can store enough N
to allow non-limited growth when N was added every 2 weeks. The
tissue N contents of Gracilaria just prior to N addition were
significantly higher (3-5% DW) than the contents indicating N
deficiency (1.5–2% DW; Ryther et al., 1981; Fujita, 1985). Laminaria
longicruris also took up nitrogenwhen available during thewinter. The
sequestered nitrogen was stored in organic pools and used to support
growth later in the spring (Chapman and Craigie, 1977). Unlike species
with a low surface area:volume (SA:V) ratio (e.g., Gracilaria tikvahiae)
that can maintain high growth rate over 14 days without external N
supply, the growth of Ulva lactuca with extremely high SA:V ratio
decreased or stopped only 6 to 10 days after nitrogen pulse (Ryther
et al., 1981; Fujita, 1985). Pigments are also sensitive indicator of the N
status in seaweeds (Chopin et al., 1999; Carmona et al., 2006). In red
algae, phycobiliprotein is major N storage compartment (Bird et al.,
1982; Chopin et al., 2001; Harrison and Hurd, 2001; Sampath-Wiley
and Neefus, 2007). Kim et al. (2007) recently reported that
phycoerythrin and tissue N contents are positively correlated, which
suggests a storage function for this pigment.

Algal morphology significantly influences the capacities of N
uptake and storage (Bird et al., 1982; Fujita, 1985). Seaweeds with
high SA:V ratios have higher biomass-specific rates of nutrient uptake
than species with low ratio. However, in contrast, species with low
mersion treatments (0, 40±10% and 90±5% water loss). (a) and (c): mid-upper littoral
ta (shorter and longer emersion, respectively), (c) and (f): sublittoral P. yezoensis (shorter
sent standard deviation. Bars with an asterisk are significantly different (pb0.05).
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SA:V ratios can provide greater N storage capacity. Unfortunately,
most previous studies of nutrient uptake by eulittoral seaweeds have
mixed taxa and morphologies, making interpretation of strategies for
dealing with elevation-related issues difficult (Thomas et al., 1987b;
Hurd and Dring, 1990; Hurd and Dring, 1991; Phillips and Hurd, 2003,
2004).

All Porphyra species consist of 1 or 2 cell layers, and have an
extremely high surface area to volume ratio with all cells capable of
rapid uptake of nutrients (Kraemer et al., 2004; Neori et al., 2004).
Twelve Porphyra species have been reported in New England and the
southern Maritime Provinces of Canada (Yarish et al., 1998; Chopin
et al., 1999; Neefus et al., 2002; West et al., 2005; Bray et al., 2006;
Neefus et al., in review). New England Porphyra species occur
seasonally, except for P. umbilicalis. As a group, Porphyra species
show a wide vertical distribution in the eulittoral and sublittoral
zones. For example, P. umbilicalis is the most abundant species, both
spatially and temporally, and occurs throughout the year within the
eulittoral zone. Porphyra leucosticta grows within the lower littoral
zone from late fall to spring (West et al., 2005; Blouin et al., 2007). By
early summer, the thalli of P. leucosticta disappear. An introduced
species, Porphyra yezoensis occurs during winter through spring
within coastal areas of northern New England and Long Island. This
species appears to be most abundant within the low littoral and
Fig. 2. Phosphate uptake rates of Porphyra species from different tidal elevations and differen
P. umbilicalis (shorter and longer emersion, respectively), (b) and (d): lower littoral P. leucostic
and longer emersion, respectively). Shaded areas represent exposure time. Error bars repre
sublittoral zones through that time of the year (Villalard-Bohnsack,
1995; Chopin et al., 1999; West et al., 2005; Neefus et al., in review).

The eulittoral species are exposed to air as much as 8 of every 12 h
while sublittoral species do not naturally experience exposure.
Therefore, species in the upper littoral zone may have specific
adaptations to deal with the increasingly non-marine environment
than species in lower littoral or sublittoral zones. In the present study,
three congeneric Porphyra species with similar SA:V ratios but from
different intertidal elevationwere used to test whether populations at
different vertical elevations on the shore respond differently in terms
of their physiological activities including nutrient uptake, tissue
carbon, nitrogen and phycoerythrin contents.

2. Materials and Methods

2.1. Algal materials and culture condition

Porphyra leucostictawas collected in the lower littoral zone (b0.5m
MLW) at Groton, Connecticut, USA in March 2007. Porphyra umbilicalis
was collected in the mid to upper littoral zone (N2 m MLW) at Rye,
New Hampshire, USA in April 2007. Porphyra yezoensis was collected
in the sublittoral zone at Winnapaug Pond outlet, Weekapaug, Rhode
Island, USA in May 2007.
t emersion treatments (0, 40±10% and 90±5% water loss). (a) and (c): mid-upper littoral
ta (shorter and longer emersion, respectively), (c) and (f): sublittoral P. yezoensis (shorter
sent standard deviation. Bars with an asterisk are significantly different (pb0.05).



Fig. 3. Relative nitrate uptake of Porphyra species from different tidal elevations and
different emersion treatments. Valueswere calculatedby standardizing thehighest control
values for each species and each treatment. The highest values for each species and each
treatmentwere considered to be “1.” (a): relative nitrate values of control of three Porphyra
species for shorter emersion experiment, (b) relative nitrate values of 40±10% water loss
treatment, (c) relative nitrate values of control of three Porphyra species for longer
emersion experiment, (d) relative nitrate values of 90±5%water loss treatment. Error bars
represent standard deviation.

Fig. 4. Relative phosphate uptake of Porphyra species from different tidal elevations and
different emersion treatments. Values were calculated by standardizing the highest
control values for each species and each treatment. The highest values for each species
and each treatment were considered to be “1.” (a): relative phosphate values of control
of three Porphyra species for shorter emersion experiment, (b) relative phosphate
values of 40±10% water loss treatment, (c) relative phosphate values of control of three
Porphyra species for longer emersion experiment, (d) relative phosphate values of 90±
5% water loss treatment. Error bars represent standard deviation.
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Experiments were carried out in a greenhouse at the University of
Connecticut at Avery Point (Groton, CT) on cloudless or partly sunny
days to keep the water loss similar in all species. Samples were
exposed to a semi-diurnal cycle using a tide simulating apparatus
(Kim and Yarish, in review). The apparatus consists of 18 compart-
ments (3 rows of 6 compartments). The culture mediumwas 0.45 μm-
filtered seawater with von Stosch's enrichment (Ott, 1965) without
nitrogen (N) and phosphorus (P). Nitrogen and P levels were regulated
by addition of nitrate and phosphate at a molar N:P ratio of 10:1. To
prevent nutrient depletion, the culture mediumwas changed at every
sampling except for 0.5 h post-emersion. The nitrate and phosphate
concentrations (30 and 3 μM, respectively) reflect the highest N and P
concentrations in the Long Island Sound, USA during winter season
(Capriulo et al., 2002; Pedersen et al., 2004; Balch et al., 2008). Water
temperature of 10 °C is reflective of what all species would experience
in the field. The maximum light intensity measured in the greenhouse
by a Li-Cor LI-1000light meter (Li-Cor, Lincoln, Nebraska, USA) was
1300 μmol photons m-2s-1. The air temperature and humidity during
exposure were 15-27 °C and 32-80%, respectively. Stocking density for
each treatment was approximately 0.5 g/L.
2.2. Acclimation

All three species were acclimated to the experimental conditions
with treatments for 5-7 days. Filtered seawater containingnutrientswas
replaced daily to maintain a stable nutrient status in the algal tissues
during acclimation. During acclimation, samples assigned to the
emersion treatment were exposed at semi-diurnal cycle by using the
tide simulating apparatus whereas, all controls remained submerged.

2.3. Water loss calculation

Water loss (WL) of samples was controlled to 0, 40±10% (2 h
exposure), and 90±5% (4 h exposure), WL was estimated as follows:

WL ð%Þ= FW−TW
FW−DW

� 100

where FW is the fresh weight obtained after blotting the thalli dry
with paper towels. TW is the desiccated weight after known time
interval. DW is the dry weight measured by drying a sample of the
biomass at 60 °C to constant weight.



Table 1
Results of analysis of variance examining the effects of emersion and time on the standardized nitrate uptake and phosphate uptake, the tissue carbon and nitrogen contents, and
phycoerythrin contents of Porphyra species

Species Water
loss

Factor Standar. nitrate
uptake

Standar. phosphate
uptake

Tissue carbon Tissue nitrogen Phycoerythrin

F p-value F p-value F p-value F p-value F p-value

P. umbilicalis 40% time 27.65 <0.001 11.27 <0.001 3.96 0.007 1.41 0.244 1.15 0.362
emersion (control vs. 40%) 0.07 0.801 1.23 0.281 0.06 0.803 18.79 <0.001 0.02 0.886
time X emersion 2.07 0.123 0.33 0.857 0.96 0.456 1.13 0.363 0.34 0.850

90% time 4.36 0.011 24.97 <0.001 4.25 0.005 7.80 <0.001 5.85 0.003
emersion (control vs. 90%) 6.73 0.017 0.26 0.619 13.28 0.001 74.75 <0.001 60.92 <0.001
time X emersion 5.08 0.006 0.61 0.660 1.00 0.432 0.65 0.662 4.07 0.015

P. leucosticta 40% time 24.66 <0.001 11.84 <0.001 4.24 0.004 1.99 0.105 1.69 0.193
emersion (control vs. 40%) 1.68 0.210 1.49 0.236 18.52 <0.001 5.87 0.021 0.02 0.888
time X emersion 0.56 0.694 2.82 0.053 0.39 0.853 1.62 0.180 0.65 0.634

90% time 7.79 0.001 5.45 0.004 2.61 0.045 1.77 0.150 1.93 0.145
emersion (control vs. 90%) 5.94 0.024 0.56 0.462 166.45 <0.001 216.67 <0.001 2.00 0.173
time X emersion 4.41 0.010 1.30 0.303 0.59 0.706 1.21 0.329 0.91 0.475

P. yezoensis 40% time 3.53 0.025 10.90 <0.001 2.31 0.068 1.38 0.260 1.69 0.193
emersion (control vs. 40%) 8.12 0.010 9.38 <0.001 0.17 0.682 5.07 0.032 1.80 0.195
time X emersion 6.17 0.002 3.59 0.023 0.99 0.438 1.06 0.402 1.32 0.297

90% time 4.00 0.015 9.88 <0.001 1.30 0.292 1.54 0.207 1.84 0.160
emersion (control vs. 90%) 42.36 <0.001 2.56 0.125 40.51 <0.001 154.24 <0.001 0.04 0.837
time X emersion 0.73 0.582 1.92 0.147 0.86 0.518 1.75 0.154 1.45 0.255

Significant differences are shown in bold with p values.
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2.4. Measurements

Tissue and water samples were taken before exposure, and 0.5 h,
1.5 h, 3.5 h and 7.5 h after re-submergence. Samples were taken from
three compartments, one selected at random from each row (n=3).
Water samples from the incubation medium were analyzed for
inorganic nitrate by using a SmartChem Discrete Analyzer (Westco
Scientific Instruments, Inc. Brookfield, CT, USA). Inorganic phosphate
concentration in media was determined using a color developing
method by Parsons et al. (1984).

Phycoerythrin (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 spectro-
photometer (Spectronic Instruments, Rochester, NY, USA). PE content
was calculated according to the equations used in Beer and Eshel
(1985). For the analysis of tissue carbon and nitrogen contents,
samples were dried at 60 °C before being ground. The powder was
analyzed using a Perkin Elmer 2400 series II CHNS/O elemental
analyzer (Waltham, MA, USA).

Time use efficiency (TUE) integrates the net assimilation of N and
the net production of biomass during the available time for nitrogen
uptake (i.e., the submerged time). The TUE (expressed as % tissue
nitrogen and biomass change per hour) was calculated as followed:

TUE gNh−1
� �

=
Nf � Bfð Þ− Ni � Bið Þ

Tf−Ti

where Nf and Ni are the tissue nitrogen contents and Bf and Bi are the
biomass at time Tf (final) and Ti (initial), respectively. Initial samples
were collected at 7:00AM and the final samples were collected at
7:30PM for shorter and 9:30PM for longer emersion experiments.
Fresh weight based biomass was converted by multiplying 0.2 for all
species which is the average ratio of DW to FW in all three species.

2.5. Statistical analysis

Two-way ANOVA (α=0.05) was used to analyze tissue carbon and
nitrogen, and PE contents. For these analyses, the immediately post-
emersion samples (0.5 h following emersion) were excluded from
analysis to determine the cumulative impact of emersion. When
ANOVA indicated treatment effect of temperature or an interaction
between time and emersion level, Tukey's HSD analysis (α=0.05) was
used as a post hoc test to determine pairwise comparison probabilities
between treatment level means. Prior to analyses, homogeneity of
variances was checked via F-test. In those data sets for which
heteroscedasticity was found, data were ln-transformed. In one case
the F-test of the transformed data indicated still significant differences
in sample variances. We conducted ANOVA on the transformed data,
relying on the relative robustness of ANOVA to this violation under
balanced designs. The tissue C, N and phycoerythrin values at the end
of emersion period were also compared with the pooled data from all
other time periods by using a t-test. To determine how quickly the
uptake rate returned to the control values following emersion, t-tests
of control and emerged samples at the same time periodwere used for
nitrate and phosphate uptakes. Two-way ANOVA (α=0.05) was also
used to analyze the standardized nitrate and phosphate uptake data.
All values within experiment were normalized to the single highest
value in that experiment. All statistical analyses were done using
Statistica v5.1 (Statsoft, Tulsa, OK, USA) or SPSS 15.0 (SPSS Inc. Chicago,
Illinois USA).

3. Results

3.1. Nitrate and phosphate Uptake

Short period of emersion did not affect the nitrate uptake of the
two eulittoral species (Fig. 1a, b). However, following shorter
emersion, nitrate uptake rate of sublittoral P. yezoensis was lower
than the control rate immediately after re-submergence. The nitrate
uptake rate recovered within 0.5 h (Fig. 1c). Long period of emersion
affected the nitrate uptake of all three species (Fig. 1d-f). Following
longer emersion, the nitrate uptake rates of the two eulittoral species
were significantly lower than those of controls (P. umbilicalis:
p=0.032, P. leucosticta: p=0.003) and recovered within a few h
(Fig. 1d, e). The nitrate uptake rates of desiccated P. umbilicalis and
P. leucosticta were approximately 26% and 50% of the controls,
respectively, at 0.5 h after re-submergence. The sublittoral P. yezoensis,
however, did not recover nitrate uptake as compared to the control
even after 7.5 h of submergence. The nitrate uptake rates of desiccated
P. yezoensis remained less than 50% of the controls during whole
culture period.
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Under shorter emersion condition, the phosphate uptake rates of
desiccated tissues were not significantly different from the controls in
all three species during whole culture periods (Fig. 2a-c; pN0.05).
Even under longer period of emersion, phosphate uptake by the upper
littoral species, P. umbilicalis, was not significantly different from the
control (Fig. 2d; pN0.05). However, the phosphate uptake rates of
P. leucosticta and P. yezoensis with longer emersion were significantly
lower than those of controls at 0.5 h and 1.5 hour, respectively, after
re-submergence (Fig. 2e, f; p=0.004 and p=0.043, respectively).

The relative uptake values were calculated by standardizing all
uptake rates to the highest control value for each species and each
treatment (Figs. 3 and 4). The controls of all species showed diurnal
patterns in both nitrate and phosphate uptake. Peaks in uptake were
observed from 5.5 to 7.5 h after sunrise (Figs. 3a, c and 4a, c). Under
shorter emersion, all three species had similar diurnal patterns of
phosphate uptake. However, only P. umbilicalis and P. leucosticta
exhibited diurnal patterns with nitrate uptake while the sublittoral
P. yezoensis lost its diurnal pattern. Under longer emersion, all three
species lost their diurnal pattern in nitrate uptake while only
P. leucosticta lost its diurnal pattern with phosphate uptake (Figs. 3
and 4).

At shorter emersion, the nitrate uptake was significantly affected
by time in P. umbilicalis and P. leucosticta (pb0.001) and by time,
emersion and the combination of these two factors in P. yezoensis
Fig. 5. Tissue carbon contents of Porphyra species from different tidal elevations and differen
P. umbilicalis (shorter and longer emersion, respectively), (b) and (d): lower littoral P. leucostic
and longer emersion, respectively). Shaded areas represent exposure time. Error bars repre
(Table 1; p=0.025, p=0.010 and p=0.002, respectively). Under longer
period of emersion, the nitrate uptake was affected by time and
emersion in all three species (p≤0.024) and the combination of these
two factors influenced the nitrate uptake of P. umbilicalis and
P. leucosticta (Table 1; p=0.006 and 0.010, respectively). Under shorter
period of emersion, the phosphate uptake is affected by only time for
P. umbilicalis and P. leucosticta (p≤0.001), while P. yezoensis was
affected by time, emersion and a combination of two (Table 1;
p=0.001, 0.001 and 0.023, respectively).

3.2. Tissue carbon (C)

The immediately post-emersion data (0.5 h following emersion)
were excluded for the statistical analysis to see the cumulative impact
of emersion. At short period of emersion, the tissue carbon (C)
contents were significantly affected by time in P. umbilicalis (p=0.007)
and by time and emersion in P. leucosticta (Table 1; p=0.004 and
0.001, respectively). The tissue C contents at the end of exposure
period were significantly lower than the pooled data from all other
time periods after short period of emersion (Fig. 5a-c; P. umbilicalis
and P. leucosticta: pb0.001, P. yezoensis: p=0.003). The tissue C
content at the end of emersion was on average 91-93% of the pooled
desiccated data. When the value at the end of emersion period was
removed, the tissue C contents of tissues that had experienced
t emersion treatments (0, 40±10% and 90±5% water loss). (a) and (c): mid-upper littoral
ta (shorter and longer emersion, respectively), (c) and (f): sublittoral P. yezoensis (shorter
sent standard deviation.
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emersion were significantly higher than tissue C of control samples of
P. leucosticta (pb0.001), but not the other species.

At longer period of emersion, the tissue C contents of P. umbilicalis
and P. leucosticta were significantly affected by time (p=0.005 and
0.045, respectively) and emersion (p≤0.001). In P. yezoensis, emersion
was the only significant factor for tissue C (Table 1; pb0.001). During
longer period of emersion, the tissue C contents also dropped, but
returned to control values within 0.5 h after re-submergence in all
three species (Fig. 5d-f). The C contents at the end of emersion period
were on average only 86-91% of the pooled desiccated value. When
the value at the end of emersion period was removed, the tissue C
contents of emersion experienced tissues were significantly higher
than those of control in all three species (P. umbilicalis: p=0.001,
P. leucosticta and P. yezoensis: pb0.001). On average, the absolute
tissue C values were 0.5-3.0% DW-1 higher in desiccated tissues than
the controls (Fig. 5d-f).

3.3. Tissue nitrogen(N)

Like the analyses for tissue C, the immediately post-emersion data
(0.5 h following emersion) were excluded for the statistical analysis
to see the cumulative impact of emersion stress. At short period
of emersion, the tissue N contents were significantly affected by
Fig. 6. Tissue nitrogen contents of Porphyra species from different tidal elevations and differen
P. umbilicalis (shorter and longer emersion, respectively), (b) and (d): lower littoral P. leucostic
and longer emersion, respectively). Shaded areas represent exposure time. Error bars repre
emersion (P. umbilicalis (p=0.001), P. leucosticta (p=0.021), P. yezoensis
(p=0.032); Table 1). During short period of emersion, the tissue N
contents of the eulittoral P. umbilicalis and P. leucosticta dropped
and recovered within 0.5 h after re-submergence while the sublittoral
P. yezoensis did not show any significant change (Fig. 6a-c). The values
at the end of emersion period were on average 86-96% of the pooled
desiccated value of other sampling periods in two eulittoral species.
When these values were removed, the tissue N contents of short
period of emersion experienced tissues were significantly higher
than those of control in P leucosticta and P. yezoensis (pb0.001 and
p=0.027, respectively).

At longer period of emersion, the tissue N contents were
significantly affected by time and emersion in P. umbilicalis
(pb0.001), emersion only in P. leucosticta and P. yezoensis (Table 1;
pb0.001). Longer emersion of all three species caused a significant
drop in tissue N contents, and returned to control levels within 0.5 h
after re-submergence (Fig. 6d-f). The values at the end of emersion
period were on average 82-90% of the pooled value of other sampling
periods. When the value at the end of emersion period was removed,
tissue N contents at longer period of emersion were significantly
higher than those of control in all three species (all three species:
pb0.001). On average, the tissue N values were 0.45-1.27% DW-1

higher in desiccated tissues than the controls.
t emersion treatments (0, 40±10% and 90±5%water loss). (a) and (c): mid-upper littoral
ta (shorter and longer emersion, respectively), (c) and (f): sublittoral P. yezoensis (shorter
sent standard deviation.
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3.4. Phycoerythrin

Short period of emersion did not affect phycoerythrin (PE) levels in
all three species when the pooled control values were compared with
each individual desiccated value, nor was time a significant factor
(Table 1; Fig. 7a-c; pN0.05). Under longer period of emersion, however,
the PE contents of P. umbilicalis were significantly affected by time
(p=0.003), emersion (pb0.001) and combination of these two factors
(Table 1; p=0.015). The phycoerythrin content of P. umbilicalisdecreased
during emersion and recovered within 1.5 h after re-submergence
(Fig. 7d). When the value at the end of emersion period was removed,
the pooled phycoerythrin value of longer emersion experienced P.
umbilicalis was significantly higher than the pooled control (Table 1;
pb0.001). On average, the control value was approximately 62% of the
values of emersion experienced tissues (Fig. 7d).

3.5. Time Use Efficiency (TUE)

Neither short period of emersion nor species affected TUE (Fig. 8a;
Table 2; pN0.05). However, at longer period of emersion, the TUE was
affected by species (p=0.002) and emersion (p=0.004) and combina-
tion of these two factors (Fig. 8b; Table 2; p=0.001). The post-hoc test
indicates that the TUE at 90% WL in sublittoral P. yezoensis was
Fig. 7. Phycoerythrin contents of Porphyra species from different tidal elevations and differen
P. umbilicalis (shorter and longer emersion, respectively), (b) and (d): lower littoral P. leucostic
and longer emersion, respectively). Shaded areas represent exposure time. Error bars repre
significantly lower than that of control (P=0.001) while emersion did
not affect the TUE of other two eulittoral species (Fig. 8b; pN0.05).
When P. umbilicalis was removed from the 90% analysis (since this
species results differed qualitatively from the other two species),
emersion was the significant factor for the TUE (p=0.001).

4. Discussion

In some eulittoral species, interestingly, emersion enhances rates
of nitrate uptake upon re-hydration. Thomas et al. (1987b) studied five
species with different morphologies and found that eulittoral Pelve-
tiopsis limitata and Fucus distichus could more than double nitrogen
uptake upon re-submergence following up to 30% water loss.
However, in the present study, uptake in three Porphyra species
with the same basic morphologies from different elevations was not
stimulated by emersion. Instead, we found a difference among the
species in terms of the time required before uptake rates were similar
to control (i.e., continuously submerged) rates. The eulittoral Porphyra
species recovered nitrate uptake within a few hours following longer
emersion, while the sublittoral species did not recover their nitrate
uptake during the following 7.5 h, which was 0.5 h before the
following emersion. Longer period of emersion did not affect
phosphate uptake by eulittoral P. umbilicalis, but negatively affected
t emersion treatments (0, 40±10% and 90±5% water loss). (a) and (c): mid-upper littoral
ta (shorter and longer emersion, respectively), (c) and (f): sublittoral P. yezoensis (shorter
sent standard deviation.



Table 2
Results of analysis of variance examining the effects of emersion and species on Time
Use Efficiency (TUE) of Porphyra species

Water loss Factor F p-value

40% species 0.34 0.716
emersion (control vs. 40%) 2.64 0.130
species X emersion 0.21 0.815

90% species 10.79 0.002
emersion (control vs. 90%) 12.54 0.004
species X emersion 13.06 0.001

Significant differences are shown in bold with p values.

Fig. 8. Time use efficiency of Porphyra species from different tidal elevations and
different emersion treatments (0, 40±10% and 90±5% water loss). (a): TUE from shorter
emersion experiments. (b) TUE from longer emersion experiments. Error bars represent
standard deviation.
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the phosphate uptake by lower littoral and sublittoral species,
P. leucosticta and P. yezoensis, respectively. Hurd and Dring (1991)
also found that the rate and extent of recovery of phosphate uptake
following longer emersion are closely related to the height on the
shore. The upper littoral Pelvetia canaliculata was not affected by
emersion. However, other species, Fucus spiralis, Ascophyllum nodosum
and F. serratus, even lost phosphate from the tissues following longer
emersion stress, and the rate of phosphate loss after resubmersion
was closely related to their position on the shore (F. spiralisbA.
nodosumbF. serratus). These results strongly suggest that eulittoral
and sublittoral species have different nutrient uptake strategies for
different nutrients, adaptations that have been driven by the different
environmental challenges across the littoral gradient.

Plants living in environments characterized by low resource
availability (e.g. limited nutrients, light, etc.) may have resource
conservation traits such as long lifespans, high concentrations of
defense compounds, thinner leaves, or desiccation tolerance (e.g. via
dehydrin proteins) to maximize their resource use efficiency (Chapin,
1980; Vitousek, 1982; Ndima et al., 2001). The resource use efficiency
(RUE) is generally defined as the products (e.g. biomass increase,
product of N, photosynthesis, etc.) per resource inputs (e.g. light,
nutrient, water, etc.). A slow growing species may have lower resource
requirements while fast growing species may require more resources.
Therefore, at least in theory, RUE may not be phenotypically different
between slow growing species (fewer products) and fast growing
species (more products). However, this concept may determine the
distribution of organism. For example, Funk and Vitousek (2007)
tested RUE with 19 native and 19 invasive terrestrial plants, and found
that invasive species had significantly higher RUE. Since time is an
important resource (Loreau, 1989, 1992), the vertical distribution of
eulittoral seaweeds may also be partially determined by time use
efficiency. In this study, the TUE was defined as the integrated net
production of biomass and tissue N per unit of available time for N
uptake. When Porphyra experienced emersion simulating the upper
littoral zone, the growth and tissue N-based TUE of upper littoral
P. umbilicalis was significantly higher than those of the other two
species from lower littoral and sublittoral zones (Fig. 8b). Under
control conditions, and those of shorter emersion that simulate
sublittoral and lower littoral zones, respectively, the TUEs of all three
species were not significantly different. Fast-growing Porphyra species
in the eulittoral zone have evolved the ability to rapidly take up
nutrients during when they are submerged and, especially, to rapidly
recover uptake rates upon resubmersion after exposure to air. These
results support the concept that the upper limit of a species is
determined by tolerance of environmental stresses, such as the
unavailability of nutrients or desiccation, while the lower limit is
controlled by biological factors such as predation and competition
(Lobban and Harrison, 1994).

When continuously submerged, all three Porphyra species showed
diurnal patterns in uptake rates of nitrate and phosphate, with uptake
peaks approximately 5.5-7.5 h after sunrise and then the uptake rates
decreased (Figs. 3a and 4a). Three brown algal species, Fucus
vesiculosus, F. serratus and Laminaria digitata, also showed similar N
and P uptake patterns, and had peaks in themiddle of day light period.
Activity of an enzyme involved in nitrate uptake (nitrate reductase)
also showed a clear diurnal pattern with a maximum in the middle of
day in algae and terrestrial plants (Goodwin andMercer, 1983; Turpin,
1991; Gao et al., 1992a; Gevaert et al., 2007). Our recent findings with
upper littoral species P. umbilicalis and P. linearis (unpublished) also
showed similar diurnal patterns in nitrate reductase activity. However,
when tissues were stressed by longer emersion, all three species lost
their diurnal patterns in terms of nitrate uptake. Interestingly, the
nitrate uptake rate remained high in dark period in all three species
(Figs. 3b and 4b). These results suggest that emersion definitely
influenced the nitrate uptake pattern of Porphyra.

Inorganic C in seawater has not been considered as a limiting factor
for macroalgal photosynthesis (Beer and Koch, 1996). When tissues are
submerged, both HCO3

- and CO2 are available, and many algal species,
including Porphyra can use both forms, but mostly HCO3

- , of carbon
sources for photosynthesis since approximately 97% of dissolved
inorganic carbon is present as HCO3

- (Mercado et al., 1997; Larsson and
Axelsson, 1999). During emersion, however, CO2 is the only available C
source for the photosynthesis of eulittoral seaweeds. The initial
increase of photosynthesis during emersion of some eulittoral species
probably occurs because of a reduction in the aqueous diffusion
barrier for CO2 (Quadir et al., 1979; Johnston and Raven, 1986; Lipkin
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et al., 1993; Davison and Pearson, 1996; Ji and Tanaka, 2002). The
atmospheric CO2 will also dissolve into the aqueous layer on emerged
thalli and be available as HCO3

- . Therefore, the initial increase of
photosynthesis during emersion may also be due to the reduction in
the aqueous layer across which HCO3

- must diffuse, and for those
species that can only use HCO3

- , the drop in photosynthesis rate may
come as this water evaporates. Overall, however, atmospheric CO2

may limit photosynthesis by eulittoral species during emersion. Gao et
al. (1999) reported that photosynthetic uptake of CO2 by the eulittoral
seaweeds Ulva linza, Ishige okamurae and Gloiopeltis furcata increased
25-40% when the ambient CO2 level was doubled.

CO2 loss may also increase during emersion. Zou and Gao (2002)
recently reported that the CO2 compensation point of Porphyra
haitanensis, cultured at 20-30 °C temperature range, increased
dramatically when the water loss was more than 50%. There was no
significant effect of temperature. These authors interpret the higher
compensation point as a result of increased carbon loss. Porphyra
yezoensis increased dramatically in the CO2 compensation point as the
period of emersion increased (Gao et al., 1992b). We found that C
contents in tissue in the three Porphyra species dropped during
emersion and recharged quickly after re-submergence. This suggests
that the net balance of carbon loss and photosynthetic C gain in Por-
phyra is negative during emersion.

When they experience desiccation stress associatedwith emersion,
plants form protective enzymes such as catalase, superoxide dis-
mutase (SOD), ascorbate peroxidase (AP), glutathione reductase (GR),
Dehydrins and LEA proteins that minimize desiccation damage (Li et
al., 1998; Vicre et al., 2004; Wolfe-Simon et al., 2005; Ross and Van
Alstyne, 2007). In the higher plant Xerophyta viscose, activities of AP,
GR and SOD increased during drying (Sherwin and Farrant, 1998), and
these enzymes reacted similarly in a brown alga Fucus (Collén and
Davison, 1999). Dehydrin proteins are also expressed in both higher
plants and algae during dehydration (Li et al.,1998; Ndima et al., 2001).
The role of these proteins in desiccation tolerance is not clear yet. In
this study, we found that desiccated Porphyra contained more N than
tissues that were remained submerged. This increase in N may reflect
elevated levels of similar desiccation tolerance proteins used as a
protective mechanism by Porphyra when tissues experience periodic
emersion.

The phycoerythrin contents of P. umbilicalis under longer emersion
condition dropped during emersion, and recharged very quickly after
re-submergence. The tissue N contents of Porphyra (% of biomass) also
dropped during emersion, and recovered quickly after re-submer-
gence. This result is consistent with the role of these pigments as an N
storage reservoir (Bird et al., 1982; Harrison and Hurd, 2001; Kim et al.,
2007). Carmona et al. (2006) and Kim et al. (2007) also found PE
increase with tissue N content increase in different Porphyra species
including P. umbilicalis. Phycoerythrin as a ratio of total protein
decreased when tissue N content fell below 1.8% (Bird et al., 1982).
These pigments may be preferentially utilized to support continued
growth at incipient N limitation (Kim et al., 2007).

Nitrogen loss during emersion indicates that emersion causes a
loss of N, or that stored N becomes diluted by a biomass increase. For
Porphyra to channel stored N into growth, and increase in biomass to
dilute the tissue N contents to the observed degree, this seaweed
would have to grow at a rate of 50% - 160% d-1. However, there was no
evidence that the dry weight of Porphyra increased during emersion.
Therefore, we conclude that Porphyra lost N during emersion, though
the route of N loss is not clear. Nitrogen from organic compounds in
the tissue could have been converted to ammonia, which then out-
gassed from the thallus (under investigation). If so, some of the N
taken up by eulittoral seaweeds during submersion is subsequently
released into the atmosphere during emersion. The nitrogen loss
during emersion represents an induced N release which may
constitute a novel biogeochemical pathway linking marine, terrestrial,
and atmospheric N reservoirs.
In summary, we found that eulittoral and sublittoral species of
Porphyra have different strategies for nutrient uptake and TUE. The
nitrate and phosphate uptake function was recovered quickly after
emersion of upper littoral P. umbilicalis, while lower- or sub-littoral
species could not recover their functions. This suggests that the rate of
recovery of physiological functions such as nutrient uptake following
emersion is important in determining the vertical distribution of
seaweeds. The TUE also showed similar patterns with the nutrient
uptake; high TUE in upper littoral P. umbilicalis and low TUE in lower-
or sub-littoral species. The carbon loss during emersion indicates that
atmospheric CO2 may limit algal photosynthesis. The net balance of
carbon loss and photosynthetic C gain in Porphyra is negative during
emersion. In addition, nitrogen is lost during emersion. However,
tissue N content is higher in Porphyra acclimated to emersion than
thalli that are continuously submerged. This may reflect elevated
levels of desiccation tolerance proteins (dehydrins) used as a
protective mechanism by Porphyra when tissues experience periodic
emersion. There is a need to study more eulittoral species to
determine if N loss during exposure is a general characteristic of
eulittoral seaweeds. In addition, N storage in tissue in forms such as
free amino acids and proteins should be examined during emersion to
determine what categories of organic compounds are also altered
during emersion. Photosynthetic ability should also be measured
during emersion to determine whether carbon supply limits photo-
synthesis during emersion.
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