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Intertidal macroalgae Fucus and Laminaria experience seasonally fluctuating

inorganic N supply. This study examined the effects of long-term N deprivation,

recovery following N resupply, and effects of elevated ammonium and nitrate

exposure on N acquisition in intertidal algae using manipulations of N supply
in tank culture. Over 15 weeks of N deprivation, internal N and nitrate

reductase activity (NRA) declined, but maximum quantum yield of PSII was

unaffected in Fucus serratus and Fucus vesiculosus. Low NRA was maintained

despite no external nitrate availability and depletion of internal pools,

suggesting a constitutive NRA, insensitive to N supply. Nitrate resupplied to

N-starved thalli was rapidly taken up and internal nitrate pools and NRA

increased. Exposure to elevated (50 mM) nitrate over 4 days stimulated nitrate

uptake and NRA in Laminaria digitata and F. serratus. Exposure to elevated
ammonium suppressed NRA in L. digitata but not in F. serratus. This novel

insensitivity of NRA to ammonium in Fucus contrasts with regulation of NRA in

other algae and higher plants. Ammonium suppression of NRA in L. digitata

was not via inhibition of nitrate uptake and was independent of nitrate

availability. L. digitata showed a higher capacity for internal nitrate storage

when exposed to elevated ambient nitrate, but NRA was lower than in Fucus.

All species maintained nitrate assimilation capacity in excess of nitrate uptake

capacity. N uptake and storage strategies of these intertidal macroalgae are
adaptive to life in fluctuating N supply, and distinct regulation of N metabolism

in Fucus vs Laminaria may relate to position in the intertidal zone.

Introduction

Brown macroalgae are dominant in temperate marine

coastal environments and contribute the majority of the

primary production in these environments, where pro-

ductivity is typically limited by supply of inorganic

nitrogen (Dugdale 1967). Strongly, seasonal oscillations

and tidal fluctuations in water level influence light and
nutrient supply to brown macroalgae, and their capacity

to take up and assimilate nitrogen is critical to energy and

nutrient cycling in nearshore environments.

In the temperate Strangford Lough, Northern Ireland,

the nearshore macroalgal community is dominated by

species of Laminaria and Fucus. Nitrate is the major form

of dissolved inorganic N available in this environment.

Intertidal macroalgae experience strong seasonal fluctu-
ations in nitrate supply (Young et al. 2007a), and tidal

Abbreviations – DW, dry weight; Fv/Fm, maximum quantum yield of PSII; FW, fresh weight; NR, nitrate reductase; NRA, nitrate

reductase activity.
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emersion isolates the algae from supply of dissolved

nutrients. Nitrate assimilation capacity varies several fold

seasonally in these brown algae in response to nitrate

availability; in winter, nitrate concentrations are not

limiting, but in summer, nitrate is significantly depleted

(Young et al. 2007a). The growth of temperate brown
algae can be limited by inorganic N supply, particularly

during the summer months (Chapman and Craigie 1977,

Naldi and Viaroli 2002, Pedersen and Borum 1996).

Supply of nitrogen is important for annual primary

production and nutrient cycling within the nearshore

region, but how these algae acclimate to summer N

deprivation is not well understood. In contrast, N

starvation kinetics and the implications of N deprivation
for photosynthesis are well understood in some unicel-

lular algal species (Geider et al. 1993, Young and Beardall

2003). Macroalgae can store more internal N relative to

their daily needs than unicellular algae (Dortch et al.

1984, Henley and Dunton 1995, Korb and Gerard 2000,

Pedersen and Borum 1996, Pueschel and Korb 2001,

Young et al. 2007a), so one might expect that photosyn-

thetic capacity will not be compromised as rapidly by N
deprivation. Macroalgae can take up nutrients rapidly

(Harrison et al. 1986, Pedersen 1994), and after pro-

longed N starvation, non-constitutive nitrate uptake and

assimilation capacity might be expected to be activated

rapidly to exploit sudden increases in nutrient availability.

However, the extent to which brown macroalgae can be

starved of N and the physiological responses of N

metabolism and photosynthesis to N deprivation and
resupply of N have not been studied in detail.

Intertidal algae are supplied with a range of inorganic N

sources, and metabolism of inorganic N by algae is

known to be regulated by nitrate and ammonium. For

many algae, ammonium is the preferred inorganic N form

and presence of ammonium can suppress the uptake and

assimilation of less reduced forms of N, mainly nitrate, in

phytoplankton (Dortch 1990) and macroalgae (DeBoer
1981, Haines and Wheeler 1978, Harrison et al. 1986).

Elevated ammonium can also result in a decline in the

activity of the primary nitrate-assimilating enzyme,

nitrate reductase (NR) in microalgae (Berges et al. 1995,

Vergara et al. 1998) and in a brown macroalga, Giffordia

mitchellae (Weidner and Kiefer 1981). The regulation of

inorganic N uptake and assimilation in intertidal sea-

weeds in response to availability of different inorganic N
forms has been investigated and compared in relatively

few species.

To expand our understanding of how nitrogen depri-

vation and supply of different inorganic N sources affect

N metabolism in intertidal brown algae, we examined

intertidal algae under manipulated tank cultivation

conditions to examine three key questions:

(1) What is the effect of long-term N deprivation on N

metabolism and photosynthetic capacity in intertidal

brown algae?

(2) When resupplied with a source of nitrogen, how

rapidly can N-deprived thalli take up and re-establish N

assimilation capacity?
(3) What are the effects of exposure to ammonium and

nitrate on nitrate uptake and assimilation by intertidal

brown algae?

To examine the role of position in the intertidal zone on
macroalgal physiology, nitrogen metabolism in lower

intertidal–subtidal Laminaria digitata (Huds.) Lamour

was compared with higher intertidal Fucus species.

Materials and methods

Effects of tank storage, N deprivation and N
resupply

To examine the effect of tank storage on N metabolism,

whole thalli of Fucus serratus L. and Fucus vesiculosus (L.)
Lamour were collected in March 2001 from the intertidal

region of Strangford Lough at Portaferry (54�23#N,

5�34#W). Thalli were either transferred to outdoor tanks

adjacent to the field collection site, with flow-through

seawater as described previously (Young et al. 2007b), or

transported to the laboratory and incubated in 20-l tanks

with freshly collected, filtered, aerated seawater at 11�C.

Laboratory tanks were exposed to a light regime similar to
the ambient at the time of collection (10:14 L:D cycle) at

220 mmol photons m22 s21 supplied to one side of the

tanks from GROW-lux fluorescent light tubes (Osram,

Langley, Berkshire, UK). The seawater medium in these

tanks was changed on days 5, 7, 20 and 27, and at each

change, 75 mM NaNO3 and 15 mM NaH2PO4 were

added to the water. Background concentration of nutrients

in freshly collected seawater was 2–8, 0.5–3 and<0.5 mM
for nitrate, ammonium and nitrite, respectively (Young

et al. 2007a), and dissolved organic N is typically 10–

75 mM (G. Savidge, J. Berges, M. Dring, K. Sommerville,

unpublished data). Tips of thalli in outdoor and laboratory

tanks were excised, blotted dry and frozen in liquid N2 for

later analysis of nitrate reductase activity (NRA) (Young

et al. 2005).

To examine the effect of N deprivation on NRA, whole
thalli were also collected in early March 2001 and

incubated in laboratory tanks for 15 weeks (until mid

June) in freshly collected seawater without any nitrate

additions, but with 15 mMK2HPO4 added on days 0, 7 and

27. Thereafter, 15 mM K2HPO4 and 1 ml l21 enriched

seawater, artificial water (ESAW) micronutrients, including

vitamins, iron and other trace metals (Harrison et al. 1980),

2 Physiol. Plant. 2009



were added weekly. The initial mass was approximately

120 g for F. vesiculosus and approximately 200 g for

F. serratus. From this N-deprivation treatment, thallus

samples were collected at intervals, blotted dry and stored

in liquid N2 until analysis of NRA, extraction of internal

nitrate and ammonium pools and analysis of C and N
content (Young et al. 2005, 2007a).

Maximum quantum yield of PSII (Fv/Fm) was also

measured at the beginning of the N-depletion experiment

and after 15 weeks using a pulse amplitude modulated

fluorometer (PAM-2000; Heinz Walz GmbH, Effeltrich,

Germany). Samples were dark acclimated for 20–30 min

before Fv/Fm was measured on eight tips of each thalluswith

the fibre-optic probe placed against the thallus surface.
To examine the effects of N resupply, after 15 weeks of

N deprivation, 100 mM NaNO3 was added to the

seawater. 100 mM may not have saturated uptake

mechanisms, but as thalli naturally experience a maxi-

mum nitrate concentration approximately <20 mM

(Young et al. 2007a), the experiment estimated maximum

nitrate uptake capacity under field conditions. Freshly

collected thalli were also supplied with 100 mM nitrate
and monitored to compare with the N-deprived thalli.

Samples were collected from all thalli over the following

week to monitor NRA, internal thallus nitrate content and

total C and N thallus content. Although L. digitata was

successfully grown in outdoor tanks (Young et al. 2007b,

Gomez and Lüning 2001), a laboratory N deprivation

experiment was set up with L. digitata alongside that for

Fucus, but the L. digitata thalli fragmented and disinte-
grated within 4 weeks so that experiment was terminated.

Effects of inorganic N sources on N metabolism

The effects of elevated inorganic N availability and

different N sources on N metabolism in L. digitata and

F. serratus were assessed by incubation in laboratory

tanks. Both species were collected from the intertidal
region of Strangford Lough at Portaferry in July 2001 and

transported to the laboratory. Smaller but whole thalli

were selected, any epiphytes were removed and three

intact thalli per 20-l tank were acclimated with freshly

collected, filtered seawater at 13�C, with aeration and

irradiance as above. The initial total thallus mass for each

tank was approximately 180 g for F. serratus and approx-

imately 125 g for L. digitata. After 2–3 days of acclima-
tion, four treatments were established with the following

additional nutrients added to the seawater: (1) elevated

ammonium – 50 mM NH4Cl; (2) elevated nitrate – 50 mM

NaNO3; (3) elevated ammonium plus nitrate – 50 mM

each of NH4Cl and NaNO3; and (4) control – no N

additions. Nutrient additions were made every 12 h to the

tanks, except in tank 3, where after 2 days, NaNO3 and

NH4Cl additions were made only every 24 h to compen-

sate for higher total N additions to this tank. NaH2PO4

(16 mM) was added to all tanks at the start of the

experiment and again after 48 h. At each nutrient addition

time, the water was sampled before and after nutrient

addition for analysis of nitrate and ammonium concen-
tration, as described below. Water samples for nitrate

analysis were frozen immediately, and samples for

ammonium were analysed the same day or stored

overnight in darkness at 4�C prior to analysis. During the

first 24 h, additional tissue and water samples were

collected at 4, 8 and 24 h to assess short-term effects of

elevated N on NRA in thalli and to measure rate of N

uptake by the thalli using the initial thallus mass for
calculations. For F. serratus, thallus tips were sampled,

while L. digitata were sampled by cutting discs out of the

thalli, avoiding the meristematic region and the oldest

tissue (Young et al. 2007b). Samples were blotted dry and

frozen in liquid N2. Tissue samples were also excised at

the beginning, after 24 h and at the end of the experiment

for extraction and measurement of internal nitrate and

ammonium concentration. Samples were thoroughly
blotted dry and frozen at 220�C. Total masses of the thalli

were measured in each tank at the beginning and at the

end of the experiment, and masses of samples removed

during the experiment were also recorded.

Following the 4 days of incubation in the N treatments,

nitrate uptake rate was examined in the thalli. Each

thallus was washed in clean seawater without nutrient

additions and transferred to a flask with 2–l clean, fresh
seawater at 11�C with vigorous aeration to maintain

complete mixing and illuminated with 140 mmol pho-

tons m22 s21 light from above. Following acclimation for

1 h, 100 mM NaNO3 was added, the flask agitated and

a sample withdrawn immediately, then at intervals over

4 h. The samples were frozen for later analysis of nitrite

and nitrate concentration. Nitrate uptake rate was

calculated from the decline in nitrate concentration in
the seawater medium over time using linear regression.

Tissue nutrient and NR analysis

NRA was estimated using an assay on seaweed extracts

described by Young et al. (2005). Internal inorganic N

pools were extracted by placing approximately 50 mg

samples of ground frozen thallus in boiling tubes with
20 ml room temperature milli-Q water (Millipore, Wat-

ford, Herts, UK), heating in a boiling water bath for 45 min,

cooling to room temperature and filtering through What-

man GF/A filters (Young et al. 2007a). Nitrate was analysed

by Cd column reduction followed by spectrophotometric

measurement of nitrite, and ammonium was estimated by

the phenol-hypochlorite method, both according to
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Parsons et al. (1984). Total N and C content of thalli was

measured in ground, oven-dried samples using a Carlo

Erba 1500 NC elemental analyzer (CE Elantech, Lakewood,

NJ) using acetanilide as a standard (Young et al. 2007a).

Statistical analysis

Preliminary samples were used to test the variance in

NRA between and within thalli. An F-test showed that the

variability of NRA in six tips from each thallus was not

significantly different from that of NRA in tips from six

different individuals sampled over 2 days (P > 0.05).

Thereafter, all tips were treated as independent for

statistical comparisons (Young et al. 2007b). Changes in
NRA and internal nutrient concentrations in response to

experimental manipulations were compared using one-

way ANOVA for N treatment or two-way ANOVA with N

treatment and time as variables (SIGMASTAT v. 3.1; Systat

Software Inc, Chicago, IL).

Results

Tank storage, N deprivation and N resupply in
Fucus

Fucus serratus and F. vesiculosus maintained in indoor
tanks showed a decline in NR between 5 and 17 days

(Fig. 1; P < 0.03) but some recovery after resupply with

nitrate on day 20. In contrast, F. serratus andF. vesiculosus

maintained in outdoor tanks exposed to ambient light and

temperature conditions and supplied with flow-through

natural seawater showed no statistically significant decline

in NR over 1 month (Fig. 1; P > 0.05 for both species).

In Fucus thalli, there were substantial changes in NR and
N content during 15 weeks of N deprivation in laboratory

culture. NRA in F. vesiculosus declined sharply within the

first 2 weeks of N deprivation (P < 0.001), whereas in

F. serratus, there was a gradual decline over the full

15 weeks of the experiment (P < 0.004; Fig. 2A). In both

species, even after being deprived of external nitrate for

15 weeks, a low level of NRA was maintained within the

thalli [�20 nmol nitrate g21 fresh weight (FW) min21 for
both species]. Internal nitrate and ammonium concen-

trations and total N content [as % dry weight (DW)]

decreased dramatically (Fig. 2B–D). C content (as % C) did

not change significantly (P > 0.05), so the C : N ratio in the

thalli increased during the 15 weeks of N deprivation

(P < 0.025) (Fig. 2E). When calculating for tissue sub-

samples removed throughout 15-week experiment, esti-

mates of net thallus biomass increase were approximately
55% in F. serratus and approximately 80% in F. vesiculo-

sus. Despite declines in N content, Fv/Fm in F. serratus and

F. vesiculosus did not change significantly over the

15 weeks of N deprivation (P > 0.05); 0.689 � 0.049 to

0.679 � 0.018 in F. serratus and 0.687 � 0.026 to

0.688 � 0.068 in F. vesiculosus.

Following resupply of nitrate to the seawater medium

after 15 weeks of N deprivation, NRA increased in
F. vesiculosus and F. serratus thalli (Fig. 3; P < 0.003

over 7 days). However, 1 week after nitrate resupply,

NRA had not recovered to levels prior to N deprivation

(cf. Fig. 2A). In F. serratus, nitrate resupply resulted in

increases in NRA (P < 0.03) and in internal nitrate

concentration (P < 0.03) over just 7 h (Fig. 3B), but

increases in F. vesiculosus occurred more slowly. NRA in

F. serratus had declined by 48 h but increased again by
day 7. In both species, there were no significant changes

in internal ammonium concentrations (P > 0.05; Fig. 3B)

or in total thallus N content and C : N ratio 1 week after

nitrate resupply (data not shown). In contrast to N-starved

thalli, changes in NRA over 7 days in freshly collected

thalli also supplied with a 100 mM nitrate pulse were not

statistically significant (P > 0.05) (Fig. 3A).

Fig. 1. Changes in NRA in Fucus vesiculosus and Fucus serratus during

incubation in outdoor continuous flow-through tanks at Portaferry

(circles) or indoor laboratory tanks with aeration (triangles). Points are

means � SD, n ¼ 4. In indoor cultures, seawater medium was changed,

and nitrate and phosphatewere added to tanks on days 0, 5, 7, 20 and 27

(arrows).
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Effects of inorganic N sources

When thalli were exposed to twice-daily additions of

different sources inorganic N, nitrate and ammonium

concentrations in the elevated N treatments fluctuated as

uptake by the thalli removed nutrients from the seawater

medium between additions. In the elevated ammonium

treatment, ammonium concentration ranged from 0 to
75 mM, but nitrate concentration was constantly

<0.5 mM; in the elevated ammonium plus nitrate

treatment, ammonium fluctuated between 0 and

100 mM and nitrate between 0 and 150 mM; in the

elevated nitrate treatment, ammonium was constantly

<0.2 mM, whereas nitrate was 5–100 mM; however, in

the control treatment without additions, ammonium was

<0.1 mM and nitrate was <2 mM. Seawater nitrite
concentrations were <0.6 mM in all treatments through-

out the experiment.

NRA in L. digitata was decreased in elevated ammo-

nium and ammonium plus nitrate treatments (Fig. 4A),

with significant declines within the first 4–24 h after

transfer to elevated N treatments (P < 0.04). When

Fig. 2. Changes in Nmetabolism in Fucus vesiculosus (filled symbols) and

Fucus serratus (open symbols) during 15 weeks of N deprivation. (A) NRA,

(B) internal ammonium concentration, (C) internal nitrate concentration,

(D) N content (%DW) and (E) C : N (mol mol21) content in thalli. Symbols

are means � SD, n ¼ 3.

Fig. 3. Changes in Fucus vesiculosus and Fucus serratus following

resupply of 100 mM nitrate to thalli previously deprived of N for 15 weeks

(Fig. 2). (A) Changes in NRA compared with freshly collected thalli

(triangles) also supplied with 100 mM nitrate. (B) Changes in internal

nitrate (circles) or ammonium (triangles) pools following nitrate resupply.

All points are means � SD, n ¼ 4.
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L. digitata was exposed to only nitrate or no N additions,

there was no change in NRA (P > 0.05) (Fig. 4A), but

after 96 h, the NRA was significantly lower in both

elevated ammonium and ammonium plus nitrate treat-

ments (P < 0.03). In contrast to L. digitata, NRA in

F. serratus showed no significant decline in NRA in
response to elevated ammonium, but after 96 h, the

elevated nitrate treatment had higher NRA (P < 0.037)

than the other treatments (Fig. 4B).

Elevated N treatment incubations resulted in increases

in internal thallus nitrate pools, which reached 2.5 times

higher concentrations in L. digitata than in F. serratus

(Fig. 4C, D). After 96 h, L. digitata thalli from the

elevated nitrate treatments had higher internal nitrate
concentrations than at the beginning of the experiment

(P < 0.009; Fig. 4C). Elevated ammonium did not result

in internal nitrate concentrations higher than controls in

either species (P > 0.05). In all thalli, internal nitrate

concentrations were approximately 10 times higher than

internal ammonium, which did not change with N

treatment (P > 0.05). Internal nitrite was <0.1 mmol g21

FW in all treatments. By the end of the experiment, total
thallus N content in F. serratus (1.54 � 0.206% DW)

was not significantly different between treatments

(P > 0.05), but in L. digitata, treatment influenced N

content – elevated ammonium plus nitrate (2.37% DW)

was higher than elevated nitrate (1.81% DW) and no

additions (1.42% DW) (P < 0.02); elevated ammonium

(2.32% DW) was higher than elevated nitrate and no

additions (P < 0.03). C content of all thalli did not change

significantly with time or treatment (P > 0.05). Total

thallus C : N content ratios did not change in F. serratus

but decreased significantly from>18 to<12 in L. digitata

in the elevated N treatments only (P < 0.001).

Laminaria digitata showed slightly higher nitrate uptakes
rate than F. serratus (Fig. 5), particularly over the first

15 min; in L. digitata, there was a more pronounced higher

uptake rate in the 0- to 240-min than in the 15- to 240-min

time period. Uptake rates over 15 min (based on two time

points) were 97–300 nmol g21 FW min21 for L. digitata

and 62–140 nmol g21 FW min21 for F. serratus. Elevated

ammonium treatments did not result in reduced nitrate

uptake capacity in either species. L. digitata thalli exposed
to elevated ammonium had higher nitrate uptake rates over

240 min than thalli exposed to elevated nitrate (P < 0.006).

However, when the initial 15 min of uptake was excluded,

there were no significant differences among the uptake rates

in the elevated N treatments (P > 0.05; Fig. 5A). F. serratus

thalli from elevated ammonium plus nitrate showed

significantly lower nitrate uptake rates than control thalli

(P < 0.03). When mass-specific nitrate uptake rates were
recalculated on the basis of thallus N content, N-specific

nitrate uptake rateswere 0.2–1.0 nmol NO2
3 mg21N min21

(equivalent to 0.168 – 0.84 h21) for both species. This

resulted in N-specific uptake rates over both the 0- to

240-min and the 15- to 240-min time periods for the no

additional N treatment to be higher than at least one

elevated N treatment in both species.

Fig. 4. Changes in Laminaria digitata and Fucus serratus over 4 days incubation with four different inorganic N treatments – (1) elevated nitrate (open

triangles); (2) elevated ammonium (filled circles); (3) elevated ammoniumplus nitrate (filled triangles); and (4) no N addition controls (open circles). (A) and

(B) NRA. (C) and (D) Internal thallus nitrate concentration, note different nitrate scales for the two species. Points are mean � SD, n ¼ 4.
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Discussion

Tank cultivation

Maintenance of intertidal brown algae in flow-through

tanks exposed to ambient irradiance, temperature and

moving natural Lough water is a good option for longer

term experiments focused on seaweed N metabolism, as

NRA did not significantly decline over 1 month. How-

ever, thalli maintained in indoor tanks showed some
changes in NRA over 1 month, suggesting that this is

a good option only for shorter term experiments. Differ-

ences between indoor and outdoor culture include light

spectrum and water movement and turnover. Decline in

NR in thalli maintained in the indoor tanks between day 7

and 20 may also be related to lack of nitrate, as NRA

increased after nitrate addition on day 20, whereas thalli

in outdoor tanks were exposed to a more constant nitrate
concentration in the Lough water. In nature, these species

experience tidal cycles that were also not replicated in

either tank set-up. Despite the fact that Fucus grows

higher in the intertidal and so is adapted to longer

emersion periods during each tidal cycle than the lower

subtidal–intertidal L. digitata, Fucus species were more

resilient to long-term submersion in tank culture experi-
ments. Thalli of F. serratus and F. vesiculosuswere intact

and physiologically active after 15 weeks in indoor tank

culture, whereas L. digitata thalli disintegrated after less

than a month of immersion. F. vesiculosus grows

permanently submerged in non-tidal regions of the

northern Baltic Sea (Nygård and Dring 2008) where

Laminaria species are lacking (Nielsen et al. 1995). This

suggests that Fucus may have higher tolerance to
continuous submergence, as well as the lower salinity

in those regions, than Laminaria spp. However, previous

studies have shown that with the right light regime,

Laminaria spp. can do well in long-term flow-through

outdoor culture, so this disintegration in laboratory

cultures may be associated with conditions stimulating

reproductive activity resulting in fragmentation (Pang and

Lüning 2004). Bacteria associated with alginate break-
down (Norderhaug et al. 2003) could also hasten

Laminaria spp. degradation in low-flow conditions.

Effects of long-term N deprivation on N
metabolism and photosynthesis

Long-term N deprivation had clear effects on N metabo-

lism with declines in total N and internal nitrate and
ammonium pools and NRA. The most dramatic declines in

NRA were coincident with depletion of internal nitrate

over the first 6 weeks of N deprivation. In unicellular algae,

NRA requires the presence of nitrate to maintain synthesis

of the NR enzyme (Vergara et al. 1998; reviewed by Berges

1997). However, in F. serratus and F. vesiculosus, some

NRA was maintained after several weeks of nitrate

deprivation and minimal internal nitrate concentrations
when one might expect NRA is not required. This may be

adaptive in an intertidal environment to allow rapid

assimilation of intermittently available nitrate. NRA in

brown algae may depend on both an environmentally

inducible as well as a constitutively produced form of the

enzyme, as occurs in higher plants (Lillo 2008, Yang and

Midmore 2005). In response to N starvation, internal total

N and nitrate pools were depleted more slowly in Fucus
than in the N-starved rhodophyte Gracilaria tikvahiae

(Hwang et al. 1987). N trunover is also faster in Ulva

(Teichberg et al. 2007). This difference may reflect greater

N storage capacity in the more robust thalli of the fucoids.

The critical N content below which growth of F. vesicu-

losus is compromised has been estimated at approximately

1.7% N DW, which is lower than that for some other

Fig. 5. Nitrate uptake rates measured in (A) Laminaria digitata and (B)

Fucus serratus thalli after 4 days incubation in four different inorganic N

treatments (Fig. 4). Bars represent mean nitrate uptake rates measured

over 0–240 or 15–240 min � SE, n ¼ 3. Bars marked with different

lowercase letters indicate that means are significantly different

(P < 0.05).
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macroalgal species (Pedersen and Borum 1996). The thalli

only reached these low levels at the end of 15 weeks of N

deprivation. However, during a natural seasonal cycle,

thalli do reach similarly low, potentially growth-reducing

N content in the late summer and autumn (Young et al.

2007a). Thalli used for the experiments on the effects of
elevated ammonium and nitrate (below) were collected in

Julyand had much lower initial N content than in March, at

the beginning of the N-deprivation experiment. Estimated

growth does not account for all the loss of tissue N content

during 15 weeks of N deprivation – N content halved, but

thallus mass increased by only 55–80%. Therefore, there

may have been some leakage of organic N from the thallus,

particularly in the more advanced stages of N deprivation
(Tyler et al. 2001).

Although low N content likely impaired growth, the

Fv/Fm in F. serratus and F. vesiculosus were maintained

despite other changes over 15 weeks of N deprivation.

This contrasts with unicellular algal cells in which Fv/Fm

declines over <24 h when deprived of N (Geider et al.

1993, Young and Beardall 2003). Large brown macro-

algae can store considerable amounts of inorganic N
internally (Gómez and Wiencke 1998, Hurd et al. 1996,

Pueschel and Korb 2001, Wheeler and Srivastava 1984);

up to 80 mmol nitrate g21 FW in F. vesiculosus (Young

et al. 2007a). Photosynthetic quantum yield in these

species is known to respond rapidly to other stressors (e.g.

high irradiance: Dring et al. 2001; Figueroa et al. 2003),

so acclimation over several weeks of N deprivation

clearly involved redistribution of stored N to maintain the
photosynthetic apparatus and quantum yield. Transloca-

tion of N has been demonstrated in Laminaria (Davison

and Stewart 1983) and of organic C in Fucus (Diouris

1989), and there is indirect evidence for N translocation

in F. vesiculosus (Honkanen and Jormalainen 2002).

Therefore, acclimation to long-term N deprivation in

Fucus species could involve some redistribution of N

within the thallus via translocation. N deprivation has
also been shown to have little effect on Fv/Fm in a green

macroalga (Malta et al. 2005) and some polar brown

macroalgae but resulted in rapid decline of Fv/Fm in

temperate Laminaria saccharina after 10 weeks of N

deprivation (Korb and Gerard 2000). Marine brown algae

in high latitudes, including Laminaria and Fucus species,

have to survive low winter temperatures and irradiance

accompanied by high nitrate availability but, in summer,
may be exposed to high irradiance and low nitrate

concentrations (Henley and Dunton 1997, Korb and

Gerard 2000, Young et al. 2007a). The ability to maintain

photosynthetic function despite seasonal energy and

macronutrient deprivation is an important adaptation of

long-lived brown macroalgae from highly seasonal

temperate habitats.

Recovery from N deprivation following NO–
3

resupply
Despite 15 weeks of N deprivation of F. serratus and

F. vesiculosus, the thalli responded rapidly to resupply of

nitrate, suggesting that the thalli are well adapted to

opportunistic uptake of newly available nitrate, even after
prolonged seasonal N deprivation (Chapman and Craigie

1977, Young et al. 2007a). Inorganic N pools (mostly

nitrate) represented up to 44% of total N pools in N-

replete thalli (calculated from Fig. 2B–D). Unassimilated

nitrate as well as proteins and free amino acids are

important N storage forms in macroalgae (Korb and

Gerard 2000, McGlathery et al. 1996, Naldi and Wheeler

1999, Pueschel and Korb 2001, Young et al. 2007a).
Increases in NRA during 4–7 h after resupply of nitrate are

consistent with de novo synthesis of NR protein (Vergara

et al. 1998). The lack of recovery to prestarvation NRA

within the week following nitrate resupply (Fig. 2A), and

no measurable change in total thallus N content, may be

because the single 100 mM nitrate pulse was rapidly

taken up and ‘diluted’ into thallus tissue. Assuming that

the entire 100 mM nitrate added was taken up by
approximately 100 g thallus tissue in each 20-l tank,

and that NRA was the same throughout the thallus mass,

the NRA measured in F. serratus tips at 4 h after nitrate

resupply would have been sufficient to reduce all the

added nitrate in 8.3 h, thus reducing the stimulus for

further NR protein synthesis. Although the in vitro NR

assay used could potentially overestimate in vivo activity

(see below), this represents an apparent excess nitrate
assimilation capacity. Despite this capacity, the thalli

stored some unassimilated nitrate, with significant

increases in internal nitrate, from approximately 1 to

>3 mmol g21 FW 24 h after nitrate resupply. Assuming

even distribution within the thalli, this represents

approximately 15% of the 100 mM added, so approxi-

mately 85% was assimilated into ammonium and organic

forms.
Responses to the different inorganic N treatments

suggest that N deprivation could have stimulated nitrate

uptake rates, at least over a number of days (Fig. 5).

Although it is unlikely that elevated nitrate uptake

capacity will be maintained under longer term N

deprivation (Parslow et al. 1984), the maximum nitrate

uptake rate measured in healthy F. serratus (approxi-

mately 10 nmol nitrate g21 FW min21; Fig. 5B) was half
the minimum nitrate assimilation capacity (NRA) in

F. serratus, which had been N deprived for 15 weeks

(20 nmol nitrate g21 FW min21; Fig. 2A). Intertidal

brown algae apparently maintain an excess nitrate

reduction capacity (NRA), even when deprived of

a source of nitrate to assimilate. A similar conclusion

was made based on seasonal comparison of nitrate
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assimilation and photosynthesis rates in intertidal brown

algae (Young et al. 2007a).

Nitrate reduction, catalysed by NR, is often consid-

ered the rate-limiting step in algal nitrate assimilation

(Berges 1997, Davison and Stewart 1984, Lartigue and

Sherman 2005). In these brown macroalgae, N assim-
ilation may well be limited by other factors, such as

energy supply (Henley and Dunton 1997, Young et al.

2007a, 2007b). It may be that, after 15 weeks of N

deprivation, photosynthetic enzyme pools (e.g. Rubisco)

were low (Wheeler and Weidner 1983) so that the

supply of C skeletons via photosynthesis required for N

assimilation may be limited (Flynn 1991). There was no

evidence for uptake and reduction of nitrate with
subsequent excretion of nitrite. Furthermore, as the

internal concentrations of nitrite and ammonium

remained low and unchanged following nitrate resup-

ply, it is likely that further assimilation of nitrite to

ammonium and into amino acids, catalysed by nitrite

reductase and glutamine synthetase, was not limiting

overall nitrate assimilation. NRA is apparently present in

excess, but nitrate reduction still represents a key
control step N assimilation in these brown macroalgae.

Our in vitro assay may overestimate in vivo activity

(Young et al. 2005) because of post-translational

regulation (e.g. by phosphorylation) of enzyme activity,

which may be lost during extraction (Huber et al. 1992,

Lillo 2008). In vivo reduction of nitrate may also be

limited by compartmentalization of nitrate into cellular

compartments isolated from NR (e.g. the vacuole,
Granstedt and Huffaker 1982) until assimilation into

amino acids is required or can be sustained by supply of

energy and/or C skeletons (Flynn 1991).

Effects of exposure to ammonium and nitrate on
nitrate uptake and assimilation

The availability of inorganic N as nitrate or ammonium
influenced NRA in L. digitata and F. serratus. In both

species, elevated nitrate alone stimulated NRA, but even

when nitrate concentration was low (<2 mM), some NRA

was maintained. However, NRA in L. digitata and

F. serratus responded differently to elevated ammonium.

Ammonium suppression of NRA and decline in NR

protein has been observed in several algal species and

higher plants (Balandin and Aparicio 1992, Berges et al.
1995, Nicodemus et al. 2008, Vergara et al. 1998,

Weidner and Kiefer 1981). In some plant species,

ammonium can inhibit or promote NRA, depending on

the tissues (Leleu and Vuylsteker 2004). The current study

shows the rapid decline of L. digitata NRA in response to

ammonium on a time scale (4–8 h) compatible with

a decline in NR protein synthesis or increase in protein

degradation. The mechanism of ammonium inhibition of

NR is unknown, but it has been suggested that it occurs

via a metabolite of ammonium assimilation, e.g. gluta-

mine (Flynn 1991, Vergara et al. 1998), or indirectly by

inhibiting nitrate uptake (Collos 1989). Despite ammo-

nium inhibition of NRA, nitrate uptake capacity was not
suppressed by ammonium, so effects on NRA in L.

digitata did not occur via suppression of nitrate uptake.

Furthermore, the presence of nitrate in addition to the

ammonium did not prevent ammonium suppression of

NRA in L. digitata, suggesting that ammonium per se has

a strong effect either via direct inhibition of NR enzyme

activity or via protein synthesis and/or degradation. None

of these inhibition steps appeared to be operating in
F. serratus, and a low level of NRA maintained in

L. digitata thalli exposed to elevated ammonium was

also insensitive to ammonium inhibition.

The mass-specific nitrate uptake rates by L. digitata and

F. serratus were lower than uptake rates in Ulva (Naldi

and Viaroli 2002), but when expressed in relation to

thallus N content, N-specific nitrate uptake rates (0.168–

0.84 h21) were high compared with those in microalgae
(0.03–0.06 h21; Cochlan and Harrison 1991, Parslow

et al. 1984). Nitrate uptake has been shown to be

inhibited by ammonium in a range of algae (Collos 1989,

Dortch 1990, Lobban and Harrison 1997, Rees et al.

2007); however, ammonium suppression of nitrate

uptake rate was not observed in F. serratus or L. digitata.

Absence of ammonium suppression has also been

reported in the brown algae Laminaria groenlandica
(Harrison et al. 1986) and Macrocystis integrifolia

(Wheeler and Srivastava 1984). Although ammonium

did not suppress nitrate uptake, there was an effect of ‘N

history’ in L. digitata and F. serratus, as in other algae

(Fong et al. 1994, Naldi and Viaroli 2002, Pedersen and

Borum 1996, Young and Beardall 2003). In F. serratus,

the lower nitrate uptake rate in thalli exposed to elevated

ammonium plus nitrate suggests a downregulation of
uptake capacity, associated with nitrate transporters

(Hildebrand and Dahlin 2000), when the thalli are well

supplied with inorganic N (Lartigue and Sherman 2005,

Naldi and Viaroli 2002). Higher nitrate uptake rates were

calculated over the first 15 min of exposure to nitrate than

over 15–240 min. This ‘surge’ uptake was more pro-

nounced in L. digitata than in F. serratus and is an

adaptation for competitive uptake of inorganic N in
a habitat with variable N supply (Harrison et al. 1986,

Pedersen 1994, Thomas and Harrison 1987). Throughout

the seasonal cycle, low concentrations of ammonium

were always present in Strangford Lough water (1–3 mM;

Young et al. 2007a), so maintenance of high nitrate

uptake rates, and some NRA, in the presence of

ammonium is probably an adaptation to maintaining
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nitrate uptake and assimilation capacity under normal

field conditions for these intertidal brown algae.

There is evidence for epiphytic nitrifying bacteria

associated with macroalgae in culture (Hernández et al.

2006), the activity of which may influence pools of

different inorganic N forms available on the surface of the
thallus. However, the nitrate concentration measured in

elevated ammonium treatment tanks was consistently

<0.5 mM, so any microbial nitrate production was either

extremely low or nitrate released by nitrification was

taken up immediately.

Differences between Fucus and Laminaria

The differences between L. digitata and Fucus species in

response to inorganic N availability may be related to

differences in the evolution of N acquisition strategies

and/or to the relative positions of the species in the

intertidal environment. Previous studies have associated

higher position in the intertidal with higher internal

nitrate pools (Phillips and Hurd 2003), higher NR

activities (Murthy et al. 1986, Young et al. 2007b) and
elevated nutrient uptake capacity, which may compen-

sate for the shorter periods of emersion (Hurd and Dring

1990, Phillips and Hurd 2004, Thomas et al. 1987).

However, this did not explain differences in nitrate uptake

by the subtidal to lower intertidal L. digitata and mid-

intertidal F. serratus. Greater ‘surge’ uptake observed in

L. digitata might be expected in a species found higher in

the intertidal where it is isolated from nutrient source for
longer each day and would benefit from a more rapid

uptake of nutrients during shorter periods of immersion.

Although the biomass of L. digitata in each 20-l seawater

tank was only 70% of that of F. serratus, nearly three-fold

higher internal nitrate concentrations were observed in

L. digitata than in F. serratus. These differences between

L. digitata and F. serratus may relate to distinct N

acquisition strategies, as also observed in distinct light
regulation of NRA in Fucus and Laminaria species (Young

et al. 2007b). Laminaria species have been described as

having a ‘storage specialist’ strategy, which enables

uptake and storage of inorganic N during high winter

availability to support summer growth under higher

irradiance but limiting nitrate supply (Henley and Dunton

1997, Korb and Gerard 2000, Young et al. 2007a). The

ability to take up nitrate rapidly and to store high
concentrations, even in the presence of or after recent

exposure to ammonium, and to maintain apparently

constitutive and excess NRA, are physiological adapta-

tions that allow these intertidal macroalgae to sequester

inorganic N efficiently and to support growth in

a seasonally variable, intertidal habitat.
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Pang SJ, Lüning K (2004) Breaking seasonal limitation:

year-round sporogenesis in the brown alga Laminaria

saccharina by blocking the transport of putative

sporulation inhibitors. Aquaculture 240: 531–541

Parslow JS, Harrison PJ, Thompson PA (1984) Saturated

uptake kinetics: transient response of the marine diatom

Thalassiosira pseudonana to ammonium, nitrate, silicate or

phosphate starvation. Mar Biol 83: 51–59

Parsons TR, Maita Y, Lalli CM (1984) A Manual of Chemical

and Biological Methods for Seawater Analysis. Pergamon

Press, Oxford

Pedersen MF (1994) Transient ammonium uptake in the

macroalga Ulva lactuca (Chlorophyta): Nature, regulation,

and the consequences for choice of measuring technique. J

Phycol 30: 980–986

Pedersen MF, Borum J (1996) Nutrient control of algal growth

in estuarine waters. Nutrient limitation and the importance

of nitrogen requirements and nitrogen storage among

phytoplankton and species of macroalgae. Mar Ecol Progr

Ser 142: 261–272

Phillips JC, Hurd CL (2003) Nitrogen ecophysiology of

intertidal seaweeds from New Zealand: N uptake, storage

and utilisation in relation to shore position and season.

Mar Ecol Prog Ser 264: 31–48

Phillips JC, Hurd CL (2004) Kinetics of nitrate, ammonium,

and urea uptake by four intertidal seaweeds from New

Zealand. J Phycol 40: 534–545

Pueschel CM, Korb RE (2001) Storage of nitrogen in the form

of protein bodies in the kelp Laminaria solidungula. Mar

Ecol Prog Ser 218: 107–114

Rees TAV, Dobson BC, Bijl M, Morelissen B (2007) Kinetics

of nitrate uptake by New Zealand marine macroalgae and

evidence for two nitrate transporters in Ulva intestinalis L.

Hydrobiol 586: 135–141

Teichberg M, Heffner LR, Fox S, Valiela I (2007) Nitrate

reductase and glutamine synthetase activity, internal N

pools, and growth of Ulva lactuca: response to long and

short-term N supply. Mar Biol 151: 1249–1259

Thomas TE, Harrison PJ (1987) Rapid ammonium uptake and

nitrogen interactions in five intertidal seaweeds grown

under field conditions. J Exp Mar Biol Ecol 107: 1–8

Thomas TE, Turpin DH, Harrison PJ (1987) Desiccation

enhanced nitrogen uptake rates in intertidal seaweeds. Mar

Biol 94: 293–298

Tyler AC, McGlathery KJ, Anderson IC (2001) Macroalgal

mediation of dissolved organic nitrogen fluxes in a temperate

coastal lagoon. Estuar Coast Shelf Sci 53: 155–168s

Vergara JJ, Berges JA, Falkowski PG (1998) Diel periodicity of

nitrate reductase activity and protein levels in the marine

diatom Thalassiosira weissflogii (Bacillariophyceae). J

Phycol 34: 952–961

Weidner M, Kiefer H (1981) Nitrate reduction in the marine

brown algae Giffordia mitchellae (Harv.) Ham. Z

Pflazenphysiol Bd 104: 341–351

Wheeler WN, Weidner M (1983) Effects of external inorganic

nitrogen concentration on metabolism, growth and

activities of key carbon and nitrogen assimilatory enzymes

of Laminaria saccharina (Phaeophyceae) in culture. J

Phycol 19: 92–96

Wheeler WN, Srivastava LM (1984) Seasonal nitrate

physiology of Macrocystis integrifolia Bory. J Exp Mar Biol

Ecol 76: 35–50

Yang ZJ, Midmore DJ (2005) A model for the circadian

oscillations in expression and activity of nitrate reductase

in higher plants. Ann Bot 96: 1019–1026

Young EB, Beardall J (2003) Transient perturbations in

chlorophyll a fluorescence elicited by nitrogen re-supply

to nitrogen-stressed microalgae: distinct responses to NO3
-

versus NH4
1. J Phycol 39: 332–342

Young EB, Lavery PS, van Elven B, Dring MJ, Berges JA (2005)

Dissolved inorganic nitrogen profiles and nitrate reductase

activity in macroalgal epiphytes within seagrass meadows.

Mar Ecol Prog Ser 288: 103–114

Young EB, Dring MJ, Savidge G, Birkett DA, Berges JA

(2007a) Seasonal variation in nitrate reductase activity and

internal N pools in intertidal brown algae correlate with

ambient nitrate availability. Plant Cell Environ 30:

764–774

Young EB, Dring MJ, Berges JA (2007b) Distinct patterns of

nitrate reductase activity in brown algae: light and

ammonium sensitivity in Laminaria digitata is absent in

Fucus species. J Phycol 43: 1200–1208

Edited by J. K. Schjørring

12 Physiol. Plant. 2009


