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ABSTRACT: During coastal eutrophication, fast-growing, ephemeral macroalgae bloom at the
expense of slow-growing, perennial macroalgae. This change in community composition has been
explained by a differential ability to exploit and utilize inorganic nitrogen among macroalgae with
different growth strategies. However, some coastal areas are becoming phosphorus- rather than
nitrogen-limited; we therefore compared phosphorus dynamics among 6 temperate species of
macroalgae with different growth rates in order to test whether differences in algal P-dynamics may
explain macroalgal community changes. Thin, fast-growing algae (Ulva and Ceramium) took up dis-
solved inorganic P (DIP) much faster than thicker, slower growing species (belonging to Fucus, Asco-
phyllum and Laminaria) but also had much higher P-demands per unit biomass and time. DIP con-
centrations in the Oslofjord were low from April through August, and fast-growing species were
unable to meet their P-demand from uptake for several months during summer. Hence, Ceramium
and Ulva were potentially P-limited during summer, whereas Ascophyllum and Laminaria were able
to acquire sufficient external DIP to remain P-replete throughout the year. Storage of P prevented
Fucus species from suffering severe P-limitation for several weeks in summer. The absolute amount
of P stored within the algae per unit biomass did not differ systematically among the 6 species, but
the storage capacity (i.e. the period of time for which stored P could support growth) was much larger
for slower growing species since this parameter depended heavily on realized growth rate. Our
results show how differences in macroalgal P-dynamics may explain the changing balance among
macroalgae with different growth strategies in P-deficient coastal areas.
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INTRODUCTION

Low availability of nutrients can limit growth and
biomass of marine macroalgae, and therefore coastal
eutrophication causes structural changes in the
macroalgal assemblages (e.g. Duarte 1995, Borum &
Sand-Jensen 1996, Valiela et al. 1997, Schramm 1999,
Kraufvelin et al. 2006, Kraufvelin et al. 2009). These
changes include accumulation of fast-growing foliose
or filamentous algae (Fletcher 1996, Karez et al. 2004)
and loss of benthic, slow-growing, perennial algae
and seagrasses (e.g. Kautsky et al. 1986, Vogt &
Schramm 1991, Bokn et al. 1992, Eriksson et al. 1998,
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Nielsen et al. 2002b). Growth of fast-growing algae
seems more directly coupled to the instantaneous
availability of nutrients, and several studies have
shown that these algae are more nutrient-limited than
slow-growing perennial algae under nutrient-poor
conditions (e.g. Pedersen 1995, Pedersen & Borum
1996). Hence, nutrient enrichment will stimulate fast-
growing algae proportionally more than slow-grow-
ing algae; in turn, slow growing algae may suffer
from shading caused by the increasing biomass of
phytoplankton, periphyton and free-floating ephe-
meral macroalgae (Sand-Jensen & Borum 1991,
Nielsen et al. 2002a,b).
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Most studies on nutrient dynamics in temperate sea-
weeds concern nitrogen because it is believed to be
the major limiting nutrient to plant growth in temper-
ate coastal ecosystems, while phosphorus is recog-
nized as being the main limiting nutrient for aquatic
plant growth in tropical areas and in areas with car-
bonate rich sediments (Howarth 1988, Lapointe et al.
1992, Nixon 1995, Howarth & Marino 2006). Effective
treatment of urban sewage during the last 20 to 30 yr
has reduced the emission of anthropogenic phospho-
rus to the coastal zone in many temperate areas (Con-
ley et al. 2000, Kronvang et al. 2005). The emission of
nitrogen has not been reduced to the same degree, and
phosphorus is therefore becoming more important as a
limiting nutrient in some areas where nitrogen would
otherwise be expected to be the major limiting nutrient
(e.g. Venice Lagoon, Italy; Sfriso & Marcomini 1996).
Such changes make it relevant to study P-dynamics in
temperate macroalgae in order to understand how
variations in the availability of inorganic P may affect
growth of algae with different life strategies (i.e. fast-
growing versus slow-growing species). Several stud-
ies have examined P-uptake kinetics in macroalgae
(Odum et al. 1958, Wallentinus 1984, O'Brien &
Wheeler 1987, Hurd & Dring 1990, Gordillo et al. 2002,
Runcie et al. 2004), but few have compared growth-
related P-requirements to uptake kinetics and storage
capacity in more than 1 or 2 species at a time (but see
Gordon et al. 1981, Manley & North 1984, Bjornsater &
Wheeler 1990, Lavery & McComb 1991).

Slow-growing perennial algae belonging to the gen-
era Fucus, Ascophyllum, and Laminaria often dominate
inter-tidal and sub-tidal communities of northern tem-
perate rocky shores. This is also the case in Oslofjord
(Norway), although fast-growing opportunistic species
may be abundant close to nutrient point sources and/or
in sheltered areas (Rueness & Fredriksen 1991, Bokn
et al. 1992). The concentration of dissolved inorganic
phosphorus (DIP) in Oslofjord is low by northern Euro-
pean standards, both in terms of absolute concentration
and concentration relative to dissolved inorganic nitro-
gen. Concentrations of DIP range from 0.1 to 0.4 ptM
during the main growth season (i.e. April to October),
which is lower than half the saturation constants for P-
uptake in many macroalgae (typically ranging between
0.5 and 10 uM; e.g. Wallentinus 1984, Hurd & Dring
1990). Most macroalgae in Oslofjord are therefore ex-
pected to suffer P-limitation during summer unless they
have a very high affinity for DIP at low substrate con-
centrations or can rely on stored phosphorus taken up
during winter when nutrient concentrations are typi-
cally much higher than in summer.

In this study, we compare P-dynamics of 6 macroalgal
species that are common members of the macroalgal
assemblage in Oslofjord and in other temperate coastal

areas. The species were chosen to represent different
growth strategies: Ceramium rubrum and Ulva lactuca
represented fast-growing ephemeral algae, Fucus
vesiculosus and Fucus serratus represented perennial
algae having intermediate growth rates, and Ascophyl-
lum nodosum and Laminaria digitata represented
slowly growing perennial algae. More specifically, we
wanted to compare whether growth related P-de-
mands, P-uptake kinetics and P-storage capacities dif-
fered systematically among the 3 groups of algae. The
results are discussed in relation to the importance of
nutrient (phosphorus) richness for macroalgal commu-
nity composition in temperate coastal areas.

MATERIALS AND METHODS

Experimental enrichment of macroalgae. The study
was conducted as part of the EULIT project (Bokn et al.
2001, 2003) which was carried out using 8 land-based
mesocosms designed for hard-bottom littoral commu-
nities at the Marine Research Station, Solbergstrand
near Drobak (Oslofjord, Norway). Each mesocosm con-
tained from 6 to 12 m® of seawater (at low and high
tide, respectively) and was fed with water from the
fjord at a rate of 5 m® h™! (equivalent to a turnover rate
of 0.4 to 0.8 h™!). Initially, each mesocosm contained
well established inter-tidal communities identical to
those in Oslofjord. Nutrient enrichment was initiated
in May 1998 and lasted to the end of 2000. Nitrogen
and phosphorus were continuously added to 6 of the 8
basins from stock solutions of NH;NO; and H;PO, to
yield concentrations of 1, 2, 4, 8, 16 and 32 pM dis-
solved inorganic nitrogen (DIN) and 0.06, 0.12, 0.25,
0.5, 1.0 and 2.0 pM dissolved inorganic phosphorus
(DIP) above background levels. Two mesocosms
received no extra nutrients (‘ambient levels'). Water
temperature, salinity and incident light were recorded
continuously; concentrations of DIN and DIP were
measured 3 to 4 times weekly in the water of each
mesocosm, as well as in the water entering the meso-
cosms from Oslofjord. A technical description of the
mesocosms, associated facilities, nutrient levels
achieved in the mesocosms and the biological commu-
nities is provided by Bokn et al. (2001, 2003).

Algae were collected in the mesocosms in July-
August 2000. Sub-samples of each species were fur-
ther kept for 2 wk in small (60 1), translucent tanks
filled with water from Oslofjord (and without water
exchange) to obtain algae with tissue P-concentrations
lower than those in algae from the control mesocosms.
The ratio of algae to the volume of water in these tanks
were kept high to ensure rapid depletion of DIP from
the water, but sufficiently low to prevent substantial
self-shading; tanks were kept floating in the meso-
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cosms to maintain the same water temperature and
light conditions as in the mesocosms themselves.
Maximum photosynthetic rates and calculation of
growth rates. Light saturated photosynthesis was used
as a proxy for maximum growth rate. Photosynthetic
rates of Ulva lactuca, Ceramium rubrum, Fucus vesicu-
losus, Fucus serratus, Ascophyllum nodosum and Lam-
inaria digitata were measured from evolution of oxy-
gen at light saturation. Four samples for each species
(non-fertile apical pieces for all species except L. digi-
tata, where discs with a diameter of 3 cm taken 5 cm
above the meristem were used) were collected from
each mesocosm. Samples were rinsed and kept in sea-
water (from the mesocosm where they were sampled)
under constant light (ca. 300 pmol photons m~2 s~ PAR)
and temperature (18°C) for 12 h prior to measure-
ments. Algal samples (ca. 0.5 g FW) were incubated in
120 ml glass bottles filled with freshly collected and fil-
tered (GF/C, Whatman) seawater from the mesocosms
where the algae were collected ([DIC] = ca. 2.0 mM,
pH = 7.5 to 8.1). The water was bubbled with N, to
reduce the O,-concentration to about 60 % of air-satu-
ration. Bottles were placed on a vertically oriented
rotating wheel (60 cm diameter, 12 rpm) submerged in
a water bath with a translucent front. Water tempera-
ture was held constant at 18°C (equivalent to the water
temperature in the mesocosms in July-August) and
illuminated with 480 pmol photons m™2 s~! photosyn-
thetically active radiation (PAR); enough to saturate
photosynthesis of the algae involved (M. F. Pedersen
unpubl. data). Light was provided by a lamp covering
the translucent front of the water bath. PAR at the sur-
face of the wheel (and the bottles) was measured with
a submersible 2-sensor (LI-192SA, Li-Cor). Incubations
lasted for 1 to 2 h. Filtered seawater blanks acted as
controls. Initial and final concentrations of dissolved O,
were determined by duplicate micro-Winkler titrations
(precision: £0.01 mg O, I"!) and rates of light saturated
photosynthesis (Py.x) were estimated from:

p - ([Os]r =[0,]y)x Vol

1
ax DWxT @)

where [O,]p and [O;]r are the initial
and final concentrations of O,, respec-
tively, Volis the volume of each bottle,
DW is the algal biomass dry weight
and T'is the incubation time.

Growth rates were calculated from

PQ-ratios for algae theoretically range between 1.25
and 1.6 when carbohydrates, lipids, proteins and nu-
cleic acids are produced with either ammonium or ni-
trate as the N-source (Williams & Robertson 1991).
However, reported PQ-ratios in macroalgae range
from 0.63 to 2.7 (Buesa 1980, Thomas & Wiencke 1991,
Rosenberg et al. 1995, Mercado et al. 2003). Median
PQ-ratios and associated 10 and 90 % percentiles from
these data sets (Table 1) were subsequently used to
calculate a range of potential growth rates for each of
the species used in this study. Growth rates were esti-
mated assuming exposure to ca. 12 h of saturating light
per day (based on measurements of daily insolation
during July and August 2000). Growth rates were cal-
culated in units of g C g~ tissue C d™! and transformed
to relative growth rates (RGR, unit: In units d~!) assum-
ing exponential growth.

Tissue nutrient analysis. Algal samples used for pho-
tosynthetic measurements were analyzed for tissue C,
N and P. The samples were cleaned, dried and ana-
lyzed for total C and N using a Carlo-Erba NA-1500
CHN analyzer. Total tissue-P was determined after wet
oxidation with boiling H,SO, and spectrophotometric
analysis following Strickland & Parsons (1968). Sam-
ples of the same species were further collected from
each mesocosm at the time of maximum tissue-P (i.e.
March to April) in both 1998 and 1999. The tissue con-
centration of P in these samples was determined using
the same methods as above.

Phosphorus requirements. Species specific P-
requirements were estimated from calculated growth
rates and critical tissue concentrations of P (Pc). The
critical tissue concentration of P required to sustain
maximum growth rate was determined from plots of
growth rate versus tissue P-concentration (Hanisak
1979). A Droop model was fitted to the data using
least-square non-linear regression (SYSTAT v. 11):

M:M‘max (1_P£) (2)
Q

where  is calculated growth rate, n* .« is the maxi-
mum growth rate, Pis the tissue concentration of P and

Table 1. PQ-ratios. Review of PQ-ratios used to calculate growth rates from

photosynthetic rates (Buesa 1980, Thomas & Wiencke 1991, Rosenberg et al.

1995, Mercado et al. 2003). The mean PQ-value for brown seaweeds differed
significantly from those of green and red seaweeds (ANOVA, p = 0.045)

measured photosynthetic rates using
photosynthetic quotient (PQ) ratios re-

Green Red Brown All
(Chlorophyta) (Rhodophyta) (Phaeophyta)

ported in the literature. We were un-
able to find species specific PQ-ratios
of the algae used in this study, so we
used mean values for green, red and
brown macroalgae instead (Table 1).

Mean

Median

Range (min.-max.)

10-90 % percentiles

1.16 1.15 1.48 1.26
1.00-1.37 0.63-1.56 0.85-2.70 0.63-2.70
1.16 1.15 1.29 1.19
1.01-1.35 0.81-1.50 1.056-2.22 0.92-1.74
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P, is the minimum subsistence quota (i.e. the minimum
tissue P-concentration needed to sustain growth). Crit-
ical tissue P-concentration (Pc) was estimated from the
intercept between the horizontal line representing
maximum growth rate and the line representing the
initial slope of the curve. P-requirements (P,.,) needed
to sustain growth at maximum rates were finally esti-
mated for each species as the product of observed
maximum growth rate and critical P concentration (i.e.
RGR.x X Pc).

Uptake kinetics. P-uptake kinetics (i.e. Vi and Kp)
were determined in the laboratory using a combina-
tion of the 'multiple flask method' and the ‘depletion
method' (Harrison et al. 1989, Pedersen 1994). Algal
samples (n = 6 for each species) were collected from
the control mesocosms, rinsed and kept in fresh seawa-
ter under constant irradiance (ca. 300 pmol photons
m~2 57! PAR) and temperature (18°C) for 12 h prior to
the measurements. Uptake experiments were carried
out in glass beakers containing 2 1 of freshly collected
and filtered seawater kept under constant irradiance
(400 pmol m2 57! PAR) and temperature (18°C). Water
circulation in the beakers was generated by aeration.
The media were enriched with phosphorus by adding
KH,PO, from stock solutions. The uptake experiments
were carried out with 6 different starting concentra-
tions of phosphorus, ranging from 0.5 to 10 uM DIP.
Algal material (0.3 to 1.3 g DW) was fixed to a Nitex
mesh and submersed in the medium at time T=0. Trip-
licate water samples (each 5 ml) were collected from
each beaker at the onset of the experiment, after
30 min, 60 min, and subsequently every hour for the
next 4 h. Concentrations of DIP were immediately
determined according to Strickland & Parsons (1968).
Algal samples used for uptake measurements were
dried to constant weight at 80°C and weighed. Uptake
rates (V, [umol P g~ DW h7!]) were calculated for each
sampling interval during the depletion according to:

= ([PO4]r —[PO4]y) % Vol 3)
DWXT

where [POy], and [PO4]r are the initial and final con-
centrations of phosphorus over a sampling interval, Vol
is the volume of medium at sampling time (T'), and DW
is algal dry weight biomass. Uptake rates (V) were
plotted against the mean substrate concentration (S)
for each time interval, and the Monod function was fit-
ted to the data using non-linear, least squares regres-
sion (SYSTAT v. 11):

\%

V. PO
V= max X[ 4] (4)
(K +[PO4])
where V. is the maximum uptake rate and K, the
half-saturation constant. The initial slope of the V ver-

sus [POy] curve, approximated by V,,../K.,, was calcu-

lated and used as a proxy of the affinity for P at low
substrate concentrations (Healy 1980).

Storage capacity. The absolute amount of P that
could be stored in the algae was estimated from the
difference between the highest observed tissue P-
concentration and the critical P-concentration for each
species. The storage capacity, here defined as the time
by which stored P could support growth without taking
up DIP from the surrounding water, was estimated by
using growth rate as a dilution rate:

ln(Pmax) — ln(PC)
u

where U is the growth rate, P, and P. are the maxi-

mum and critical tissue P-concentrations, respectively,

and T'is the time it takes to lower the tissue P-concen-

tration from P, ,, to Pc (i.e. the storage capacity).

T= ©)

RESULTS
Nutrient concentrations in ambient seawater

Water entering the control mesocosms from Oslo-
fjord was often depleted in DIP relative to DIN during
the main growth season (Fig. 1). Ambient concentra-
tions of DIP were low (ca. 0.1 pM) in spring (April to
May), and a little higher (0.2 to 0.3 pM) from June to
September (Fig. 1). Concentrations of DIP rarely
exceeded 1 pM. Molar DIN:DIP ratios averaged 43.8 +
2.5 (mean +SD) on an annual basis, but were higher
during summer (mean = 51.4, range = 19.3 to 96.4),
indicating P-deficiency during the main growth
season.

Nutrient concentrations in algal tissues

Tissue concentrations of N (Table 2) in algae kept
under ambient conditions (control mesocosms) in July
to August 2000 were generally above concentrations
expected to limit growth of macroalgae (i.e. 1.5t02.0%
N of DW; Duarte 1992). Tissue concentrations of N in
Ulva lactuca (4.94% DW) and Ceramium rubrum
(4.42% DW) were higher than in Ascophyllum
nodosum (2.68 % DW) which was higher than in the 2
Fucus species (1.86 and 2.29% DW) and Laminaria
digitata (1.99 % DW) (ANOVA, F=73.1, p < 0.001). Tis-
sue concentrations of P in algae kept under ambient
conditions (August 2000) ranged from 0.17 % DW in A.
nodosum to 0.31 % DW in C. rubrum. The P-concentra-
tion in C. rubrum was significantly higher than in U.
lactuca (0.14 % DW), F. serratus (0.20% DW) and L.
digitata (0.17 % DW), which were higher than that in F.
vesiculosus (0.12% DW) (ANOVA, F=17.2, p <0.001).
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Fig. 1. Seasonal variation in light insolation (PAR), concentrations of dissolved inorganic nitrogen (DIN) and phosphorus
(DIP), and molar DIN:DIP ratios in Oslofjord (Norway). Black line: weekly mean values; shaded area: +95 % CL for 3 years (1998
to 2000)

Molar NP-ratios differed among species (range: 24.9 to
78.9), but only that of U. lactuca (78.9) was significantly
higher than those in the remaining species (ANOVA,
F=11.0,p <0.001).

Growth rates and P-requirements

Calculated maximum growth rates (RGRp.x)
obtained at high tissue P-concentrations differed sig-
nificantly (ANOVA, F = 316.6, p < 0.001) among spe-
cies (Table 3). Ulva lactuca (0.198 d™!) grew faster
(Tukey, p < 0.001) than Ceramium rubrum (0.136 d™!)

and both grew much faster (Tukey, p < 0.001) than the
2 Fucus species (0.040 d™'), Ascophyllum nodosum
(0.014 d™') and Laminaria digitata (0.006 d~!). The 2
Fucus species grew with the same rate (Tukey, p =
1.000) but faster (Tukey, p = 0.006) than A. nodosum
and L. digitata which both grew at approximately the
same rate (Tukey, p = 0.639).

Growth rates tended to correlate with tissue P-
concentrations in most of the algae (Fig. 2), but not
so in Fucus vesiculosus. Critical P-concentrations (Pc)
of all species except F. vesiculosus were determined
from the plots of RGR versus tissue-P concentrations;
the critical P-limit for F. vesiculosus was defined as

Table 2. Tissue levels of carbon (C), nitrogen (N), phosphorus (P) as percent of dry weight and molar C:N, C:P and N:P ratios of
macroalgae kept at ambient nutrient levels in August 2000. Data are mean + SD (n = 4). Superscripted letters indicate groups that
are statistically similar according to one-factor ANOVA and Tukey's test

Species % C % N % P C:N C:p N:P
Ulva lactuca 33.3+1.8°% 4,94 + 1.85°% 0.14 + 0.03" 8.7 £2.7° 627 + 120° 78.9 + 29.9°
Ceramium rubrum 31.3+1.3% 442 +047° 0.31 = 0.08% 8.3+ 0.6% 273 + 58° 32.8 +6.5°
Fucus vesiculosus 36.0 £ 0.7° 1.86 + 0.12°¢ 0.12 +0.01¢ 22.6 +1.6° 762 + 58P 337 £2.5°
Fucus serratus 37.5+1.3° 2.29 + 0.23¢ 0.20 + 0.06" 19.3 + 2.3 522 + 169° 26.5 + 5.8°
Ascophyllum nodosum 37.8+ 1.8 2.68 + 1.44° 0.17 + 0.09” 222+ 12.6° 826 + 565¢ 36.7 + 5.6°
Laminaria digitata 36.4 + 1.4° 1.99 + 0.16° 0.17 + 0.06" 21.7+1.3° 606 = 203° 24.9 + 8.8°
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Table 3. Calculated maximum growth rates (RGRy,,y), critical P-limits (P¢), and estimated P-requirements at maximum growth in

6 species of macroalgae. Growth rates are mean + SD (n = 4). Superscripted letters indicate groups that are statistically similar

according to one-factor ANOVA and Tukey's test. Parentheses: range of growth rates and P-requirements obtained by using a
range of PQ-values to estimate growth rate from photosynthesis

Species Max. growth rate Critical tissue P-requirements
(In units d1) P-concentration for max. growth
(umol P g~! DW) (umol P g~ DW dY)
Ulva lactuca 0.196 + 0.018? 65.5 12.8
(0.171 £ 0.016-0.225 £ 0.018) (11.2-14.7)
Ceramium rubrum 0.136 +0.012° 142.9 19,4
(0.106 = 0.009-0.167+ 0.014) (15.1-23.9)
Fucus vesiculosus 0.040 +£0.006° <38.7 <1.5
(0.023 £ 0.003-0.049 + 0.007) (0.9-1.9)
Fucus serratus 0.040 £0.004¢ 71.9 2.9
(0.023 £ 0.002-0.049 + 0.005) (1.7 -3.5)
Ascophyllum nodosum 0.014 £0.0034 48.1 0.7
(0.008 £ 0.001-0.017 + 0.003) (0.4-0.8)
Laminaria digitata 0.006 +0.001¢ 69.4 0.4
(0.004 + 0.001-0.008 + 0.002) (0.3-0.6)

being less than the lowest observed tissue P-concen-
tration. Critical P-concentrations (Table 3) ranged from
38.7 pmol P g~! DW (0.12% DW) in F. vesiculosus to
142.9 pmol P g! DW (0.44% DW) in Ceramium
rubrum, but were not systematically related to maxi-
mum growth rate when compared across species
(Pearson correlation; R = 0.452, p = 0.37). In contrast,
species specific P-requirements needed to support
maximum growth rate varied almost 50-fold across
species, ranging from 0.4 pmol P g~! DW d™! in slow-
growing Laminaria digitata to 19.4 umol P g~! DW d!
in fast-growing C. rubrum (Table 3).

P-uptake kinetics and the balance between
requirements and uptake

Plots of uptake rates versus phosphate concentra-
tions showed saturation kinetics and were described
by the Monod model (Fig. 3). Initial uptake rates mea-
sured during the first 30 min of exposure to phosphate
were not different from those obtained between 30 and
180 min after exposure (at similar concentrations) so all
data (from each experiment) were collapsed to obtain
one set of kinetic parameters per species (Table 4).
Maximum rates of P-uptake (V) varied 20-fold
among algal species and ranged from 0.45 pmol P g~!
DW h! in Ascophyllum nodosum to 8.00 ymol P g!
DW h™! in Ceramium rubrum (Table 4). V. of the 2
ephemeral species (i.e. Ulva lactuca and C. rubrum)
were markedly higher than for the 4 perennial species.
Half saturation constants (K,,) varied less than V.,

across species, but were higher for the ephemeral spe-
cies. The affinity for phosphorus at low substrate con-
centrations (i.e. Vy./Kpn) varied 18-fold among spe-
cies, ranging from 0.12 pmol P g DW h™! (uM P)™! in
A. nodosum to 2.13 pmol P g DW h™! (uM P)~'in C.
rubrum, the 2 ephemerals (C. rubrum and U. lactuca)
having a higher affinity for DIP than the 4 perennial
species.

DIP concentrations needed to allow uptake rates that
could balance P-demands at maximum growth rate
varied considerably among species (Table 5). Lami-
naria digitata, Fucus vesiculosus and Ascophyllum no-
dosum required <0.1, 0.2 and 0.3 pM DIP in the water
to satisfy their maximum P-demands through uptake.
Ambient DIP concentrations that low were only ob-
served for a relatively short period (Fig. 1). Fucus ser-
ratus and Ceramium rubrum required between 0.3 and
0.4 pM DIP to satisfy their requirements for fast
growth, so these species were potentially P-limited for
about 25 to 33 wk of the year. Ulva lactuca required
much higher concentrations than all other species;
about 0.8 pM DIP to satistfy its requirement for maxi-
mum growth. Ambient DIP concentrations were only
that high during winter, suggesting potential P-
limitation of U. lactuca growth for most of the year.

The actual period where uptake of P would be in-
sufficient to meet P-demands is however much shorter
than calculated above because algae do not grow at
maximum rates for very long. Growth, and thus P-
requirements, should be relatively low in fall, winter
and spring due to low insolation. Assuming that the
calculated growth rates are approximately linearly
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related to daily light availability we simulated seasonal
variations in growth and P-requirements (Fig. 4) to get
a more realistic picture of the balance between P-
uptake and requirements. The period where these sim-
ulated P-requirements exceeded estimated uptake of
DIP was markedly shorter than when calculated from
maximum growth rate and P-requirement, ranging
from O to 7 wk in Laminaria digitata and Ascophyllum
nodosum to 24 to 27 wk in Ceramium rubrum and Ulva
lactuca (Table 5).

0.30 - Ulva lactuca
0.25- 30
0.20+ Q

0.15+

0.10 1 %

0.05 1

0.00 T T T T T 1
0.0 041 02 03 04 05 06

0.08 - Fucus vesiculosus

0.06 %

0.04 +

RGR (In units d)

0.02 +

0.00 T T T T T 1
0.0 01 02 03 04 05 06

0.03 - Ascophyllum nodosum

0.02 A %

0.01 4

0.00 T T T T T
0.0 01 02 03 04 05 06
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P-storage. The importance of P-storage depends on
the absolute amount of excess P (i.e. the difference be-
tween critical and maximum P-concentrations) and the
growth rate by which this phosphorus is diluted by
growth (Table 6). The absolute amount of stored P
ranged from 41.9 pmol P g! DW in Ascophyllum no-
dosum to >134.3 pmol P g~! DW in Fucus vesiculosus,
and did not correlate with maximum growth rate of the
algae (Pearson correlation; R = -0.272, p = 0.60). The
storage capacity, i.e. the time that these stores could
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Fig. 2. Growth rates and tissue P-concentrations. Calculated relative growth rate (RGR) as a function of tissue P-concentration
in 6 species of macroalgae. Data are mean + 1SD (n = 4)
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Fig. 3. P-uptake kinetics. The relationship between uptake rate of inorganic phosphorus and DIP concentration in 6 species
of macroalgae. Uptake rates for each species include data from 6 specimens

support maximum or simulated (seasonal) growth rates
without supplementary uptake of external P, varied
markedly among species. Stored P could only support
growth for 1 to 2 wk in Ulva lactuca and Ceramium
rubrum, for 8 to 10 wk in the 2 Fucus species and for
more than 12 and 19 wk in A. nodosum and Laminaria
digitata, respectively. Stored P could of course support
growth for longer time if uptake of DIP from the water
(although at slow rates) was taken into account (U. lac-
tuca: 4 wk; C. rubrum: 5 wk; F. vesiculosus: 12 wk; F.
serratus: 11 wk; A. nodosum: 22 wk and L. digitata:
>52 wk).

DISCUSSION

Low concentrations of DIP and high DIN:DIP ratios in
the seawater suggest that the central part of Oslofjord
was primarily P limited during summer, although con-
centrations of dissolved inorganic nutrients are a weak
indicator of nutrient limitation (Dodds 2003). Low tissue
concentrations of P (i.e. 0.17 to 0.31 % DW), high tissue
concentrations of N (1.86 to 4.94 % DW) and relatively
high NP-ratios (24.9 to 78.9) in the algae confirmed,
however, that at least some of the algae were P-limited
during summer (Duarte 1992, Lapointe et al. 1992).
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Table 4. Phosphorus uptake kinetics (V. and Ky,) for 6 species of macroalgae.

The kinetic parameters were determined in laboratory experiments using a

combination of the 'multiple flask method' and the 'depletion method’ (Pedersen
1995). Dara are mean + SE

Species Viax K Vinax/ K R?

(umol P g ! DW h™!) (uM P)

Ulva lactuca 4.15 +0.79 5.58 £2.00 0.74 0.78
Ceramium rubrum 8.00 £0.88 3.75£0.81 2.13 0.87
Fucus vesiculosus 1.26 £0.16 4.17 £1.07 0.30 0.91
Fucus serratus 0.82 £0.05 2.14 £0.34 0.38 0.87
Ascophyllum nodosum 0.45 +0.05 3.75+0.88 0.12 0.78
Laminaria digitata 0.70 £0.12 3.73 +1.50 0.19 0.61

Table 5. The balance between P-uptake and P-requirements in 6 species of
macroalgae. DIP-concentration needed for uptake to balance P-requirements at
maximum growth rate, maximum period of potential P-limitation and simulated
period of P-limitation (based on seasonal variation in growth rate). Parentheses:
range of DIN concentrations and periods of potential P-limitation obtained by
using a range of PQ-values to estimate growth rate from photosynthesis

Species DIP Maximum Simulated
concentration P-limitation P-limitation
required period period
(M) (wk) (wk)
Ulva lactuca 0.82 51 27
(0.71-0.97) (48-51) (27-28)
Ceramium rubrum 0.42 33 24
(0.32-0.53) (28-40) (24-24)
Fucus vesiculosus 0.22 25 16
(0.13-0.28) (7-30) (3-19)
Fucus serratus 0.37 30 19
(0.20-0.46) (12-34) (5-24)
Ascophyllum nodosum  0.26 20 7
(0.14-0.30) (7-25) (3-17%)
Laminaria digitata 0.09 0 0
(0.07-0.14) (0-6) (0-0)

phytoplankton growth and biomass is
often limited by low availability of
nutrients, nutrient limitation is much
more variable among macroalgae.
Slow-growing macroalgae may be
nutrient replete during periods of low
nutrient availability, while at the same
time faster-growing macroalgae may
suffer severe nutrient limitation (e.g.
Duarte 1995, Pedersen & Borum 1996,
1997, Valiela et al. 1997). Inter-specific
variations in the response to nutrient
richness among macroalgae are
largely based on differences in in-
herent growth rate and nutrient
dynamics. Accordingly, we found that
tissue P-concentrations, the balance
between P-uptake and requirements,
and the P-storage capacity varied sys-
tematically among the 3 groups of
algae (i.e. algae of fast, intermediate
and slow growth) examined here.

The growth rates used to estimate P-
requirements and storage capacity
were calculated from photosynthetic
rates. Ranges of PQ-ratios representa-
tive for green, red and brown macroal-
gae, respectively, were used to con-
vert photosynthetic rates to growth,
since we were unable to find species
specific PQ-ratios in the literature.
Growth rates, and hence the estimated
P-requirements and storage capaci-
ties, are consequently determined
with some uncertainty, which could
potentially affect our conclusions. The
growth rates that we calculated from
photosynthetic rates, and the inter-
specific variation among them, never-
theless resemble measured in situ
growth rates of the same, or compara-

Primary producers in temperate and siliciclastic
coastal waters are normally considered N-limited
whereas sub-tropical and tropical carbonate-rich
waters are expected to be P-limited (Howarth 1988,
Lapointe et al. 1992, Howarth & Marino 2006). P-limi-
tation may also occur in temperate and siliciclastic
coastal waters impacted by anthropogenic nutrient
loading, especially after effective P-removal from
wastewater (Conley et al. 2000, Howarth & Marino
2006). Kallgvist (1988) and Paasche & Erga (1988)
claimed that the phytoplankton in Oslofjord has
become P-limited during summer due to large trans-
port of N from agricultural areas and recent improve-
ments of P-removal from urban waste-water. While

ble, species (Pedersen & Borum 1996, M. F. Pedersen
unpubl. data). More importantly, the inter-specific dif-
ferences in calculated growth rates were much larger
(30-fold range) than the uncertainty related to the esti-
mates of individual growth rates. Our estimated dif-
ferences in P-requirements and storage capacity are
consequently quite robust, and even substantial un-
certainty related to the estimated growth rates would
not affect the overall conclusions.

PQ-ratios of individual algae may further vary as a
result of nutrient limitation (Turpin 1991). Nutrient lim-
itation is thought to raise PQ because energy is allo-
cated from growth to nutrient uptake. If true, this could
affect our estimates of critical P-limits which would be
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Fig. 4. Estimated uptake and requirements of P. Seasonal balance between uptake of dissolved inorganic P as estimated from

observed uptake kinetics and concentrations of DIP (black line) and simulated P-requirements (grey line and shaded area) in 6

species of macroalgae. P-requirements are represented by a range based on the range of PQ-values used to estimate growth from
photosynthetic rates

underestimated. Several studies have however shown
that macroalgal photosynthesis and growth are
affected more or less similarly by nutrient limitation
(e.g. Lapointe 1987, Pedersen 1995, McGlathery et al.
1996), which makes sense since pigment concentra-
tions, enzyme levels etc. are affected almost immedi-
ately by nutrient limitation. The critical P-limits were
used to estimate P-requirements which also depended

on growth rate. Growth rates differed much more (50-
fold) than critical P-limits (3-fold) among species,
meaning that small uncertainties related to the critical
P-limits are relatively unimportant for our comparison.

Ulva lactuca and Ceramium rubrum probably suf-
fered P-limitation for a long period extending from
spring to late summer in Oslofjord. This is because
their affinity for DIP was too low to satisfy P-demands
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Table 6. Critical and maximum tissue concentrations of P (mean +SD), absolute amount of stored P and estimated storage capac-
ity that stored P can support maximum and simulated growth rates, respectively. Parentheses: range of storage capacities
obtained by using a range of PQ-values to estimate growth rate from photosynthesis

Critical tissue Maximum tissue Absolute Storage capacity Storage capacity at
P-concentration P-concentration P-store at max. growth simulated seasonal
(umol P g~ DW) rate (wk) growth rate (wk)
Ulva lactuca 65.5 125 +20 59.5 2 4
(2-2) (3-4)
Ceramium rubrum 142.9 186 +22 43.1 1 5
(1-2) (4-7)
Fucus vesiculosus <38.7 173 £7 >134.3 >10 >12
(10-13) (11->52)
Fucus serratus 71.9 161 +20 89.1 8 11
(7-11) (11->52)
Ascophyllum nodosum 48.1 90 +9 41.9 12 22
(11-16) (15—>52)
Laminaria digitata 69.4 133 63.6 19 >52
(17-31) (>52—>52)

under low nutrient conditions and because their P-stor-
age capacity was too small to support growth for more
than a few days. C. rubrum required substantially
lower concentrations of DIP in the water than U. lac-
tuca to satisfy its P-demand, but would nevertheless
experience P-limitation for almost as long as U. lactuca
because the concentration of DIP dropped so much and
so fast in spring and stayed low until October. The 2
Fucus species required almost the same concentrations
of DIP as C. rubrum to meet their demands. Uptake of
phosphorus by these species was therefore also insuffi-
cient to meet their P-demands during most of the
growth season. Both Fucus species had in contrast
large P-storage capacities that could support growth
for several weeks, even if no dissolved phosphorus was
available in the water. Species of intermediate growth
rates (i.e. Fucus) were therefore likely to remain more
or less unaffected by low availability of DIP during
most of the growth season.

At the other extreme, slow-growing Ascophyllum
nodosum and Laminaria digitata had very low P-
requirements and both were able to obtain sufficient
DIP to satisfy their P-demand during most of the year.
Both species had further a substantial P-storage capac-
ity allowing growth to proceed for several months,
even without exploiting external P-sources. Low P-
requirements relative to their P-uptake capacity and a
high storage capacity ensured that A. nodosum and L.
digitata did not experience P-limitation under ambient
conditions at all.

The observed variation in the chance of facing P-
limitation in response to changes in P-availability was
caused by species-specific variations in P-dynamics

including variations in P-requirements, uptake kinet-
ics and storage capacities. Phosphorus is essential to all
plants and algae, but the P-demands per unit time and
biomass differed considerably among the macroalgae
examined here. The 2 fast-growing species (Ulva lac-
tuca and Ceramium rubrum) required 4 to 5 fold and
10 to 20 fold more P per unit biomass and time than
species of intermediate and slow growth, respectively.
Requirements for phosphorus depend on realized
growth rates and critical P-concentrations of the algae.
We expected critical tissue concentrations to be higher
in algae with fast inherent growth because such spe-
cies should contain more metabolically active, and less
supportive, tissues than slower growing species
(Duarte 1995), but we were unable to demonstrate
such a relationship. The correlation between P-
requirement and growth rate relied therefore mainly
on inter-specific variations in growth rate (about 30-
fold among species) and less on variations in critical P-
content. A similar correlation between N-requirements
and growth rate was previously reported by Pedersen
& Borum (1996) who compared the N-dynamics of fast-
growing and slow-growing macroalgae. The positive
relationship between nutrient requirements and inher-
ent growth rate suggests that fast-growing algae are
more susceptible to nutrient limitation than slow-
growing species unless they can acquire nutrients
more efficiently from the surrounding water.

Growth rate and nutrient uptake rate are both posi-
tively correlated to relative surface area of algae
(Odum et al. 1958, Nielsen & Sand-Jensen 1990, Hein
et al. 1995) meaning that small (thin) algae grow and
take up nutrients faster per unit biomass and time than
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larger (thicker) species. Our data conform to these
observations since Ceramium rubrum and Ulva lactuca
(both thin and fast-growing), took up DIP at rates that
were about 6 times faster than the Fucus species, and
ca. 12 times faster than the slow-growing Ascophyllum
nodosum and Laminaria digitata. The uptake kinetics
reported here, and the variation across species with
different growth rate, thickness and thallus morphol-
ogy resemble those previously reported in the litera-
ture (e.g. Odum et al. 1958, Gordon et al. 1981, Wal-
lentinus 1984, O'Brien & Wheeler 1987, Bjornsater &
Wheeler 1990, Hurd & Dring 1990, Lavery & McComb
1991, Runcie et al. 2004) confirming that the overall
relationship between P-uptake rate, organism size (i.e.
thickness and thallus morphology) and inherent
growth rate is a general pattern.

Ulva lactuca and Ceramium rubrum took up P much
faster than the slower growing species, but their affin-
ity to DIP was not sufficient to ensure uptake that could
satisfy their demand during periods of low DIP-con-
centrations. On the other hand, estimated uptake of
DIP exceeded the P-requirements of most algae in fall,
winter and early spring (Fig. 4). This luxury’ uptake
may lead to an accumulation of P above the critical P-
content; this accumulated P can subsequently be used
to support growth in late spring and summer when P-
requirements might not be satisfied through uptake of
P from external sources. The storage capacity of P var-
ied among species and seemed to be important for the
observed variation in the response to low P-availability
when comparing fast-growing and slow-growing
algae. Species with a more or less similar relationship
between P-uptake and requirements (e.g. Ceramium
rubrum, Fucus vesiculosus and Fucus serratus) still dif-
fered very much in their response to low availability of
DIP, because the slower growing Fucus species could
rely on stored P for much longer than C. rubrum.

In conclusion, we found marked and systematic dif-
ferences in P-requirements, uptake kinetics and P-
storage capacity when comparing fast-growing and
slow-growing macroalgae. Species with fast growth
could not rely on stored P for long, and their perfor-
mance therefore required continuous availability and
supply of DIP, whereas algae of intermediate and slow
growth relied more on stored P during periods of low
DIP availability. Fast-growing algae were therefore
more likely to respond to long term changes in nutrient
availability, i.e. an increase in abundance at increasing
nutrient richness and vice versa. Our findings are com-
plementary to those found in a comparative analysis of
N-dynamics among temperate seaweeds (Pedersen &
Borum 1996, 1997), showing that fast-growing and
slow-growing macroalgae respond more or less simi-
larly to changes in the availability of both N and P.
Accordingly, increasing P-loading in P-limited systems

should have similar consequences as increasing N-
loading in N-limited coastal areas where slow-growing
macroalgae are gradually replaced by faster growing
ephemeral forms (e.g. Borum & Sand-Jensen 1996,
Fletcher 1996, Valiela et al. 1997).
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