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ABSTRACT: Three macroalgal species belonging to Chlorophyta (Ulva rigida), Rhodophyta
(Ellisolandia elongata) and Phaeophyceae (Heterokontophyta; Cystoseira tamariscifolia), naturally growing at the same shore level and representing 3 morpho-functional groups, were exposed
to short-term changes in temperature under different carbon and nitrogen regimes. Experiments
were conducted in outdoor tanks at 4 combinations of carbon and nitrogen levels under reduced
solar radiation. In vivo chl a fluorescence parameters and pigment contents were monitored to
assess diurnal physiological responses and potential for recovery. Strong fluctuations in chl a fluorescence parameters, but not in chl a content, were observed in response to diurnal variation in
solar radiation and light climate within the tanks; sensitivity varied between algal species and, in
some cases, depended on the carbon and nitrogen regime. Nitrogen uptake was similarly high in
U. rigida and E. elongata and lowest in C. tamariscifolia. In U. rigida and E. elongata, chl a concentrations decreased after high-carbon treatments. Effective photosystem II quantum efficiency
was reduced in all species at noon, and lowest in C. tamariscifolia. The results highlight the complexity of physiological short-term acclimations which were most likely linked to biochemical
changes at the cellular level. Long-term experiments are required in future for more comprehensive investigation of the observed interactive effects of the different environmental parameters.
KEY WORDS: Chlorophyll fluorescence · Climate change · Light climate · Macroalgae · Outdoor
multi-tank system · Nutrients · Ocean acidification · Temperature

Intertidal macroalgae inhabiting challenging environments (e.g. with periodic fluctuations in light,
temperature, nutrient and osmotic conditions) typically exhibit considerable physiological plasticity.
Impacts of natural environmental stressors may be
exacerbated by additional pressures associated with
global change, including elevated temperatures, UV
radiation and eutrophication (Fabry et al. 2008,
Doney et al. 2012). The degree of these effects is

likely to depend on algal group, life strategy and
habitat of origin (Wahl et al. 2004, Bischof et al. 2006,
Harley et al. 2012).
Anthropogenically induced increases in atmospheric
CO2 concentrations have led to elevated CO2 concentrations in seawater, causing a reduction in seawater pH, or ocean acidification (OA) (e.g. Doney et
al. 2009, Raven 2011). Despite a recent surge in
research efforts, our current understanding of the
impacts of OA on marine biota is still limited. However, recent studies have outlined taxa-specific
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effects on marine algae (e.g. Hurd et al. 2011, and
recently reviewed by Roleda & Hurd 2012).
To date most studies have focused on the isolated
impact of CO2 levels (and/or reduced pH) on algal
physiology such as carbon exchange (e.g. Cornwall
et al. 2012, Ní Longphuirt et al. 2013), calcification
(e.g. Martin & Gattuso 2009), growth (e.g. Riebesell
et al. 2007), reproduction (e.g. Roleda et al. 2012), or
several parameters in selected species (e.g. Bach et
al. 2013). However, in natural systems, predicted
and already detectable changes in seawater pH will
interact with other ambient physico-chemical conditions and potential stressors such as temperature
(Roleda & Hurd 2012) and solar light climate, including UV radiation (Gao & Zheng 2010, Russell et al.
2011, Yildiz et al. 2013), at species and community
levels (Porzio et al. 2011, Hofmann et al. 2012). Whilst
interactive impacts of coastal eutrophication and OA
on water chemistry have been demonstrated (e.g.
Cai et al. 2011), little is known about their combined
effects on algal physiology.
Physiological characteristics of macroalgae, such
as light absorption and conversion efficiency, carbon
exchange and nutrient uptake rates, are impacted by
thallus morphology and have been reported to differ
between thin species (such as Ulva spp.), slowgrowing calcareous species (e.g. red coralline algae)
and more complex brown algae (such as Cystoseira
spp.). Additionally, species-specific features, such as
growth in dense clumps within algal turfs (Hay 1981)
and physiological adaptations to facilitate protection
against stressful environments (e.g. the capacity to
exude phenolics during high light stress; Shibata et
al. 2006), may influence measurable responses to climate change parameters of interest. Several studies
have previously assessed interactive effects of nitrate
and UV radiation on photosynthesis (pulse-amplitude
modulated [PAM]-chlorophyll fluorescence), pigments, mycosporine-like amino acids (MAAs) and
nutrient uptake characteristics of red and green
macroalgae from southern Spain (e.g. Figueroa et al.
2003). Additionally, a study on nutrient uptake characteristics of algae with different life strategies suggested that nitrogen uptake characteristics were
aligned to growth strategies and the adaptation of
individual species to local nitrogen supply regimes
(short-term pulses vs. long-term exposure) (Martínez
et al. 2012).
Figueroa et al. (2009) demonstrated the effect of
nutrient regime on the capability of Ulva lactuca to
respond to temperature and light stress; how such
short-term responses are influenced by additional
impacts of high-CO2 levels is not certain. On the

shores of southern Spain, Ulva rigida C. Agardh,
Ellisolandia elongata (J. Ellis & Solander) K. R. Hind
& G. W. Saunders (formerly Corallina elongata) and
Cystoseira tamariscifolia (Hudson) Papenfuss inhabit
exposed rocky mid- to low-intertidal shores in close
vicinity (Figueroa et al. 2014a). Thus, a comparative
analysis of their respective short-term responses to
such stressors, most likely linked to morphological
features and life strategies of these species and with
potential ecological consequences, is of interest.
This paper represents the first in a series of outputs
from the 2012 International Workshop of the Group
on Aquatic Primary Productivity (GAP) hosted by the
University of Málaga, southern Spain, and includes a
description of the experimental set-up employed by
the working group on macroalgae, and some primary
results. Objectives of the Working Group on Macroalgae were to assess impacts of pulse-supply of nitrogen on primary productivity of selected macroalgae.
Here, we describe physico-chemical parameters
within tanks with different carbon and nitrogen regimes to which the 3 marine macroalgal species described above were exposed. Nitrate concentration
pulses used in this experiment were in the range of
those observed in the coastal water in the Bay of
Málaga (Ramírez et al. 2005). Impacts of diurnal variation in light climate and ambient temperature (including an experimental 4°C temperature increase)
on short-term physiological responses (PAM fluorometry: effective Photosystem II [PSII] quantum yield)
and pigments are reported. The capability of different algal species to recover from mid-day exposure to
high irradiances was investigated under different
carbon and nitrogen regimes; this capability was further assessed after imposing additional short-term
temperature stress (4°C increase for 3 days).
Results of further detailed physiological measurements (P/E curves measured via PAM chl a fluorescence under controlled conditions) and biochemical
analyses, to assess impacts of the broader photosynthetic processes and overall metabolism, will be presented and discussed elsewhere (Figueroa et al.
2014b,c, this Theme Section).

MATERIALS AND METHODS
Macroalgal species
Thalli of 3 macroalgal species were collected from
the eulittoral zone at La Araña (36° 45’ N, 4° 18’ W) on
the Málaga coast (southern Iberian Peninsula) on 10
September 2012: Ulva rigida (Chlorophyta), Cysto-
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seira tamariscifolia (Phaeophyceae) and Ellisolandia
elongata (Rhodophyta). Algae were transported in
temperature-controlled tanks to the laboratory
where epiphytic organisms were carefully removed
before experimentation.

Experimental design
The experiment was designed to examine interactive effects of the current pCO2 (380 ppm, pH target
above 8.0) and predicted future concentration for
the year 2100 (700 ppm, pH target 7.92; Orr et al.
2005, Meehl et al. 2007) in a crossed combination
with 2 pulsed nitrate concentrations (5 and 50 µM)
according to nitrate data reported for the Alborán
Sea, southern Spain (Ramírez et al. 2005). The 4 treatments were designated as low-carbon/low-nitrogen
(LCLN), low-carbon/high-nitrogen (LCHN), highcarbon/low-nitrogen (HCLN) and high-carbon/highnitrogen (HCHN) (see next section). In addition, the
effect of a short-term temperature increase was
tested in the second part of the experiment.
The experiments were conducted in a multi-tank
system placed under semi-natural solar conditions,
i.e. photosynthetically active radiation (EPAR; 400–
700 nm) reduced by 35%, and UVA (320–400 nm)
and UVB (280–320 nm) reduced by 39%, using a
green mesh, in the Unit for Microbiology, Ecophysiology and Aquatic Organisms of Málaga University
(UMEGOA), located in the Grice-Hutchinson Experimental Centre. The experimental system was
composed of 3 open vessels (0.094 m2 surface area,
14 l volume) per treatment and species (n = 3) connected in parallel to a separate tank of 60 l capacity
(1 tank per treatment and species, 12 tanks in total,
Fig. 1a). The water flow between each vessel and its
header tank was 0.84 ± 0.05 l min-1, representing a
turnover rate of 26 ± 1% h–1. In addition to the series
connection circuit causing permanent seawater supply and movement and mixing within vessels, a second closed circuit re-circulated the water along a 3 m
pipe within each header tank. This secondary recirculated system facilitated water mixing in the
header tank. Aeration with ambient air caused further mixing within vessels. The seawater used originated from the Bay of Málaga and was stored in two
12 000 l tanks on site. The entire system was placed
within 8 tanks of 1000 l with circulating freshwater
which were permanently cooled using 2 cooling units
(Titan; Aqua Medic).
The collected algal material (per replicate: 200 g
fresh weight [FW] of U. rigida; 390 g FW for C.
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tamariscifolia and 400 g FW for E. elongata) were
randomly assigned to the different replicates of the
treatments and maintained under the same conditions (LCLN and ambient temperature) for 4 d. Subsequently, the experimental conditions of the different treatments (i.e. LCLN, HCLN, LCHN, HCHN)
were established and algae acclimated at ambient
temperature for 6 d before the temperature was
raised by 4°C (on average) for 3 further experimental
days. Data presented here are based on physiological
measurements conducted immediately before the
temperature increase (‘ambient’) and 3 d after the
temperature increase (‘+ 4°C’).

Environmental parameters: control and measurement
Carbon treatments. In order to achieve an HC
treatment, a computer-operated pH control system
(AT control System, Aqua Medic) was used, with pH
sensors (Aqua Medic T2001HC, Aqua Medic) located
inside each of the twelve 60 l header tanks (Fig. 1b).
The system automatically recorded one measurement
every 15 min and was programmed to initiate the
supply of pure CO2 via a solenoid valve as soon as the
pH exceeded a threshold of 7.92 in the header tanks
(corresponding to 700 ppm of CO2, HC treatment).
When the pH returned to this value, CO2 injection stopped. CO2 was supplied to the secondary recirculating system of each header tank. This water
circuit performed the role of a CO2 reactor, facilitating
rapid CO2 dissolution and avoiding a sharp drop in
pH. No upper pH limit was set for the LC treatment.
Nitrogen treatments. Nitrate was added every
morning at 06:00 h GMT to each header tank using a
1 M KNO3 pulse to achieve either a final nitrate concentration of 5 µM corresponding to LN conditions,
or a concentration of 50 µM corresponding to HN
conditions. The volumes of the 1 M KNO3 solution
required to reach each experimental concentration
were estimated from the last sampling result of the
previous day. In addition, 1 µM K3PO4 was added in
the experimental tanks to avoid phosphate limitation.
For nutrient analysis, water samples (50 ml) were collected every day just before nutrient addition, after
1 h, at noon, and again in the evening. Water samples
were kept in a freezer at −20 ± 1°C until applying
segmented flow analysis using a Bran-Luebbe AA3
Autoanalyzer following the methods described by
Grasshoff et al. (1999). The detection limit was
0.05 µM.
Temperature control. Water temperature was monitored using the same control system as for pH, with
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Fig. 1. Experimental set-up of header tanks and replicate
vessels. For more detailed explanation and implementation
of environmental controls refer to ‘Experimental design.
(a) Four experimental treatments (LCLN, LCHN, HCLN,
HCHN) with separate header tanks for each species (Ulva
rigida, Cystoseira tamariscifolia and Ellisolandia elongata)
and 3 replicate (‘R’) vessels for each species (‘Sp’) within in
each treatment, e.g. Sp1R2, Sp2R1 etc. (b) Detail of CO2
adjustment using a computer-operated pH control system
(AT control) with pH sensors located inside each of the
twelve 60 l header tanks. HC = pCO2 of 700 ppm, LC = pCO2
of 380 ppm, HN = 50 µM nitrate and LN = 5 µM nitrate.
(c) Photo of outdoor experimental multi-tank set-up with 3
replicated vessels for each species and treatment located
under mesh, reducing solar radiation
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temperature sensors also located in the header tanks.
In the second part of the experiment, temperatures
were raised to simulate a daily temperature curve
of 4°C above the ambient temperatures experienced
during the previous days. Temperature was controlled in the freshwater circulating system in the
eight 1000 l tanks. In addition, a diurnal temperature
curve was established in each header tank using an
AT control System connected to 150 W submersible
heaters (Fig. 1b).
Monitoring conditions in vessels. Temperature,
pH and conductivity were measured in each of the
48 vessels and header tanks 3 times per day using
a multi-parameter probe (HI 982X; Hanna). No significant differences (ANOVA, p > 0.05) were found
between the values measured in the vessels and their
corresponding header tank (data not shown). Water
loss via evaporation was monitored, and distilled
water was added every day after sunset to the header
tanks if salinity was higher than 38.
Solar radiation. Ambient photosynthetically active
radiation (EPAR) at the UMEGOA experimental site
beside the tanks (underneath the mesh) was measured in air at 5 min intervals from sunrise to sunset
using a spherical quantum sensor (Li 193 SA, Licor)
connected to a Data Logger (Li-1400). These data are
presented together with effective PSII quantum yield
(ΔF/Fm’). In addition, incident solar radiation was
measured continuously in air using a UV-PAR Multifilter radiometer NILU-6 (Geminali). Levels of UVA
(320−400 nm) and UVB (280−320 nm) radiation were
calculated from the data of the different UV filters
according to Høiskar et al. (2003). The integrated
daily light fluence expressed as kJ m–2 was calculated for the duration of the experiment. The NILU-6
was located on the roof of the building of the Central
Services Research of Málaga University (3.7 km from
the UMEGOA experimental site).
In order to characterize the underwater light field
within vessels, solar radiation (EPAR and UVR) was
measured in the morning of the first day of the
experiment just below (1 cm) the water surface and
at the bottom of each vessel using Zippo-Hobo®U12-UV sensors (PAR: SQ-212, UVA: LPUVA01;
Onset Computer).

Biological parameters
Chl a fluorescence of algae in tanks. The effective
quantum yield of PSII (ΔF/Fm’) of algae subjected to
the conditions above was determined in 15 samples
from every species and treatment every 2 h from
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sunrise to sunset using Diving-PAM Fluorometers
(Walz).
Pigment contents. For pigment analysis (chlorophyll and phycobiliproteins), 1 algal sample per
vessel was frozen in liquid nitrogen until extraction.
For chlorophyll determination, samples were then
ground with a mortar and pestle for 20 min in 1 ml of
90 % (v/v) acetone neutralized with magnesium carbonate hydroxide and sea sand. After centrifugation
at 1500 g for 10 min, each supernatant was used to
determine chlorophyll concentrations spectrophotometrically (UV mini-1240 Spectrophotometer; Shimadzu) following Ritchie’s equations (Ritchie 2008);
chlorophyll contents are presented in mg g−1 dry
weight (DW).
Phycobiliproteins (i.e. phycoerythrin and phycocyanin) were extracted from 0.1 to 0.2 g FW of E.
elongata ground in phosphate buffer at pH 7.0. Pigments were quantified spectrophotometrically (UV
mini-1240 spectrophotometer; Shimadzu) according
to Beer & Eshel (1985) and are expressed in mg g−1
DW of seaweed material.
To acquire the ratio of FW to DW, 15 to 20 samples
of known FW for every species were dried in an oven
at 60°C for 24 h, followed by determination of final
DW.

Statistical analyses
For each macroalgal species, experiments investigating impacts of OA and eutrophication were carried out in triplicate (n = 3), with 3 independent vessels used at each of the defined conditions of LCLN,
LCHN, HCLN and HCHN. Chlorophyll a fluorescence (i.e. ΔF/Fm’) was determined for 15 different
specimens per vessel, with the average of 15 values
reflecting the overall photosynthetic performance of
algae within 1 tank, i.e. the average was considered
as 1 replicate measurement and used for further
statistical analyses (n = 3). Pigment concentrations
were measured in 1 specimen per species per tank.
All data are presented as mean ± SD.
Main effects of the fixed factors ‘time of day’ (TD,
i.e. morning, noon and evening), ‘carbon regime’
(CR, i.e. low and high carbon) and ‘nitrogen regime’
(NR, i.e. low and high nitrogen) as well as their
respective interactions on the dependent variables
‘pigment content’) of each species were analysed
using 3-way model I ANOVAs. All data were normally distributed (Kolmogorov-Smirnov test), variances were homogeneous (Levene’s test) and mean
values were generally considered as significantly dif-
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ferent at p < 0.05. Where the Levene’s test indicated
heterogeneity of variances, even after transformation
(this was the case for some pigment data), a more
conservative α of 0.01 was applied to minimise the
probability of a Type I error (Krassoi et al. 2008). The
least significant difference (LSD) test was applied to
differentiate between means when significance was
found.

climates within their respective vessels (Fig. 2b−d).
Even measurements of irradiance within the surface
layer of Ulva rigida vessels showed some variation
compared to the 2 other species due to U. rigida thalli
intermittently floating above the Hobo® sensor. Both
PAR and UV radiation at the bottom of the U. rigida
tanks were considerably reduced due to heavy shading by moving thalli (Fig. 2b); by contrast, there was
only a small light reduction in Ellisolandia elongata
tanks, as algal thalli were resting at the bottom of the
tanks (Fig. 2d). Regarding Cystoseira tamariscifolia,
both PAR and UVR were considerably lower at the
bottom compared to surface solar radiation (Fig. 2c),
and nearly no UV radiation was available at depth
due to absorption by exuded phenolic compounds
(Figueroa et al. 2014c).

RESULTS
Light climate
The solar radiation measured at the University of
Málaga campus (3.7 km from the experimental site)
was stable throughout the acclimation period but declined on September 18 due to clouds and associated
rainfall; the daily integrated light fluence dropped
from nearly 10 000 to 4000 kJ m–2 and UVA+UVB
from 1600 to 600 kJ m–2 (Fig. 2a). For the remainder
of the experimental period, solar conditions were stable again and similar to the initial period.
Despite similar light conditions measured on tank
surfaces, the 3 algal species experienced different light
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Considerable diurnal variation was observed for all
species during daytime (from about 10:00 h GMT
onwards), with most drastic increases observed in
tanks containing U. rigida, where ambient (not controlled) pH ranged between 9 and 9.5 during hours
of darkness, and reached up to 10 during daytime
(Fig. 3a). In tanks containing C. tamariscifolia and
E. elongata, pH decreased during the night to levels
of about 7.7 before increasing again around 09:00 h
GMT and reaching values of above 8.7 during periods of photosynthetic activity. In general, daily fluctuations of pH were wider in LC than in HC treatments because pH in HC was buffered by the CO2
enrichment.
Temperature within the header tanks showed
considerable diurnal variation, but, in contrast to
pH, the pattern was consistent for all species and
treatments (Fig. 4). During the ambient temperature
experimental period, nighttime temperatures decreased from about 23 to 19°C until sunrise, and
increased to maxima of about 24.5°C during midafternoon (17:00 h GMT) in all species and treatments. Lowest temperatures were observed in all
tanks around 08:00 h GMT. Following the 4°C temperature increase, nighttime temperatures ranged
from 24 to 25.5°C, and increased sharply after sunrise at 08:00 h GMT to reach maxima of 29°C at
around 17:00 h GMT. Although all tanks were
cooled permanently, heating by ambient daytime air
temperatures resulted in a diurnal increase in water
temperature in all tanks; temperatures in ‘+ 4°C’
treatments were higher both during night- and daytime (p < 0.00001; 4-way ANOVA) but despite variability did not vary significantly between species
(p = 0.6945).
Temperatures were similar in all tanks containing
the 3 different species and for all carbon and nitrogen
treatments (Fig. 4).
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Temporal variation in the effective PSII quantum yield
Results of 2 d of fluorescence measurements are
presented in Fig. 6: 1 d at ambient temperature (after
6 d under the different treatments) and 1 d at ambient temperature ‘+ 4°C’ (after 3 d at the increased

Nitrate uptake
The nitrate provided in the morning was more
rapidly taken up by U. rigida and E. elongata than
by C. tamariscifolia (Fig. 5). One hour after the
addition of nitrate, nearly 50% was taken up by U.
rigida and 20% by the other 2 species; by evening,
seawater in almost all vessels contained nitrate levels close to zero. When nitrate was added, uptake
by C. tamariscifolia was faster under LC than HC
conditions, and HCHN was the only treatment
where some nitrate remained in the tanks by
evening (Fig. 5b).

Fig. 3. Daily variation of pH in the different carbon and nutrient treatments (C: carbon; N: nitrogen; L: low; H: high)
during day and night periods on (a) Ulva rigida, (b) Cystoseira tamariscifolia and (c) Ellisolandia elongata. Data are
means ± SD of the values measured during the 4 days of the
experiment at different times of day
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Fig. 4. Daily variation in temperature in tanks during the different carbon and nutrient treatments on (a) Ulva rigida, (b) Cystoseira tamariscifolia and (c) Ellisolandia elongata before increasing temperature (left) and after increasing temperature by 4°C
(right); see Fig. 3 for treatment abbreviations. Data are means ± SD of values averaged over 4 and 3 d for the first and second
part of the experiment, respectively

temperature). ΔF/Fm’ exhibited a diurnal pattern
regardless of treatment and temperature regime in
all species, but such variations were generally more
pronounced in U. rigida than in C. tamariscifolia or E.
elongata (Fig. 6). During the early part of the day,
ΔF/Fm’ decreased with increasing solar radiation
(simultaneously measured beside the experimental

tanks underneath the mesh) and represented by EPAR
in air (Fig. 6); the reduction in ΔF/Fm’ was maximal at
noon when the radiation was highest, and this was
followed by an increase in ΔF/Fm’ towards the
evening.
In U. rigida, the reduction in ΔF/Fm’ at noon appeared to be greater for LCLN than for the other car-
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indicating that the low nitrogen may have caused the
observed decrease in ΔF/Fm’ (Fig. 6d).
In contrast to U. rigida, different carbon-nitrogen
regimes had only marginal impacts on ΔF/Fm’ and its
diurnal pattern in C. tamariscifolia and E. elongata at
either temperature (Fig. 6b,c,e,f). ΔF/Fm’ of E. elongata appeared to be slightly lower for LCLN than
for the other treatments in the ‘+ 4°C’ temperature
regime (Fig. 6f).

Chl a concentrations
Chl a levels differed considerably between the 3 algal species, with concentrations ranging from 1 to
3 mg g–1 DW for C. tamariscifolia, 0.5 to 1.5 mg g–1 DW
for U. rigida, and 0.1 to 0.3 mg g–1 DW for E. elongata
(Fig. 7). After the increase in temperature, there was
no consistent diurnal pattern, and lower chl a content
was measured in the morning in C. tamariscifolia but
higher levels occurred in E. elongata (Table 1). Nitrogen and/or carbon significantly impacted the different
algal species: higher chl a content was observed
under higher nitrogen regimes in U. rigida at ambient
temperature and in C. tamariscifolia at both temperatures. The HC treatment resulted in lower chl a levels
in U. rigida and E. elongata at both temperatures, and
the interaction time of day × carbon was significant for
U. rigida at both temperatures (Table 1).

Accessory pigment concentrations

Fig. 5. Daily variation of water nitrate concentration in tanks
during the different carbon and nutrient treatments on (a)
Ulva rigida, (b) Cystoseira tamariscifolia and (c) Ellisolandia
elongata; see Fig. 3 for treatment abbreviations. Data are
means ± SD of the values measured during the 7 d of the experiment. The water nitrate concentrations of the different
treatments were adjusted every morning at 06:00 GMT

bon-nitrogen regimes applied, i.e. U. rigida probably
benefitted from elevated carbon and nitrogen levels
at ambient temperatures (Fig. 6a). At increased temperature a more pronounced reduction in ΔF/Fm’ at
noon was again observed in both LCLN and HCLN,

Chl b content of U. rigida ranged from 0.4 to 1.0 mg
g–1 DW (Fig. 8a). At ambient temperature, carbon
and nitrogen had significant impacts on chl b content
with higher levels observed in LC than in HC, and in
HN than in LN treatments (Table 2). U. rigida grown
in the LCHN treatment had the highest chl b level;
also, the interactions carbon × nitrogen and time of
day × nitrogen were significant. At increased temperature, only effects of carbon and the interaction
time of day × carbon were significant.
In C. tamariscifolia, 0.2 to 0.6 mg g–1 DW of chl c
were found, with no variation amongst carbon and
nitrogen treatments at ambient or increased temperature (Fig. 8b; Table 2). At ambient temperature, a
slight, but not significant, increase in chl c occurred;
following the temperature increase, chl c values at
noon were significantly higher than those measured
in the morning or evening.
E. elongata contained between 1.5 and 3.0 mg phycoerythrin g–1 DW and between 0.30 and 0.65 mg
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Fig. 6. Daily evolution of the effective PSII quantum yield (ΔF/Fm’) in 3 macroalgae exposed to different carbon and nitrogen
regimes and reduced solar radiation at an ambient (a−c) and 4°C-increased ambient temperature (d−f). Ulva rigida (a,d), Cystoseira tamariscifolia (b,e) and Ellisolandia elongata (c,f) were subjected to either low or high carbon (LC, HC respectively) at
low and high nitrogen (LN, HN respectively) levels. ΔF/Fm’ was determined on algae in tanks; data are means ± SD (−SD
for LN, + SD for HN; n = 3). EPAR was measured in air immediately beside the experimental tanks using a spherical quantum
sensor connected to a data logger

phycocyanin g–1 DW (Fig. 8c,d). Neither carbon nor
nitrogen treatments, nor the increase in temperature
had an impact on phycobiliprotein contents (Table 2).
Phycoerythrin contents were slightly, but not significantly, higher in the evening at ambient temperature.
On the other hand, time of day affected phycocyanin
levels of E. elongata at ambient temperature, with the
highest levels observed in the evening, and similar
levels in the morning and noon samples.

DISCUSSION
Experimental setup
This paper describes the conditions in the experimental tanks used during the GAP workshop at the
University of Málaga in September 2012, and the
short-term photosynthetic responses of Ulva rigida,
Cystoseira tamariscifolia and Ellisolandia elongata
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Fig. 7. Morning (M), noon (N) and evening (E) chl a contents
in 3 macroalgae exposed to different carbon and nitrogen
regimes and natural solar radiation at ambient (left-hand
side) and 4°C-increased ambient temperature (right-hand
side). Ulva rigida (a), Cystoseira tamariscifolia (b) and Ellisolandia elongata (c) were subjected to either low or high
carbon (LC, HC respectively) at low and high nitrogen levels
(LN, HN respectively). Data are means + SD

measured under ambient conditions within tanks.
Results of more detailed measurements of physiological parameters are reported in Figueroa et al.
(2014b,c). Thus, we emphasize the description of
physico-chemical conditions within experimental
tanks which are critical to the interpretation of data
presented in subsequent publications.
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The experimental set-up exposed 3 macroalgal
species to 4 combinations of nitrogen and carbon
treatments in replicated outdoor tanks; natural solar
irradiance was reduced by about 35 and 39% (EPAR
and UVR, respectively). Temperature and pH (by
CO2-enrichments) in tanks were automatically
adjusted and resulted in 4 distinct nutrient and carbon conditions for each species. Additionally, pH exhibited considerable diurnal variability in the uncontrolled LC treatments, probably caused by a high
metabolic activity, especially in the tanks containing
U. rigida. This is consistent with previous studies on
Ulva (formerly Enteromorpha) intestinalis. from rockpools where photosynthetic activities significantly
increase pH in small volumes of water (pH > 9.4,
Larsson et al. 1997), though no negative impacts on
photosynthesis were observed here. Previous studies
have reported an insensitivity of Ulva spp. to high pH
due to its capacity to utilize bicarbonate (Axelsson et
al. 1995, Frost-Christensen & Sand-Jensen 1990).
Averaged pH in LC and HC in U. rigida tanks differed considerably throughout the duration of the experiment, whereas for C. tamariscifolia and E. elongata the differences were less pronounced. The
observed species-specific differences in pH profiles
for the different treatments suggest that interpretation of physiological responses should be restricted to
a comparison of responses to HC/LC treatments
within species, and be interpreted only with caution
to explain differences amongst species. On the other
hand, daily fluctuations in temperatures in tanks
were more consistent for all species (and treatments);
the observed diurnal increases were consistently impacting all species and treatments, and the required
increase in temperature by 4°C was successfully
achieved, with only small, negligible variability
between species and treatments. Any changes in
physiological parameters observed in response to
increases in temperature should thus be comparable
amongst species.

Light climate
Spectral irradiances measured at the University of
Málaga campus (3.7 km from the experimental site)
were representative of natural conditions before the
35% reduction in solar irradiance caused by the
mesh; some small shading effects were likely to occur
due to different sun angles, but it can probably be assumed that these were, on average, similar for all
tanks throughout a daily cycle and thus did not have
any impacts on particular treatments, species or
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Table 1. Statistical summary of the effects of time and carbon-nitrogen treatment on chl a content in 3 different macroalgae
(Ulva rigida, Cystoseira tamariscifolia and Ellisolandia elongata) kept at ambient or + 4°C temperature. Main effects of time of
day (TD; M: morning, N: noon, E: evening), carbon regime (CR; LC: low carbon, HC: high carbon), and nitrogen regime (NR;
LN: low nitrogen, HN: high nitrogen) as well as interactions of each of these fixed factors were computed for each species by
a 3-way ANOVA; bold = significant p-values (α = 0.05 was used if variances were homogenous; if they were heterogeneous,
a more conservative α = 0.01 was employed, indicated by italic font). Where a significant difference was found by ANOVA,
means were compared using the least significant difference (LSD) procedur
Chl a
df
TD
CR
NR
TD × CR
TD × NR
CR × NR
TD × CR × NR
C. tamariscifolia
TD
CR
NR
TD × CR
TD × NR
CR × NR
TD × CR × NR
E. elongata
TD
CR
NR
TD × CR
TD × NR
CR × NR
TD × CR × NR
U. rigida

2, 24
1, 24
1, 24
2, 24
2, 24
1, 24
2, 24
2, 24
1, 24
1, 24
2, 24
2, 24
1, 24
2, 24
2, 24
1, 24
1, 24
2, 24
2, 24
1, 24
2, 24

Ambient temperature
F
p
LSD
0.504
6.639
11.673
3.646
0.251
3.184
0.498
0.329
0.600
6.975
0.424
1.018
0.012
0.871
0.150
9.395
2.771
0.718
0.193
0.066
0.888

0.610
0.017
0.002
0.041
0.780
0.087
0.614
0.723
0.446
0.014
0.659
0.377
0.912
0.432
0.862
0.005
0.109
0.498
0.826
0.799
0.425

HC < LC
LN < HN

LN < HN

HC < LC

df
2, 24
1, 24
1, 24
2, 24
2, 24
1, 24
2, 24
2, 24
1, 24
1, 24
2, 24
2, 24
1, 24
2, 24
2, 24
1, 24
1, 24
2, 24
2, 24
1, 24
2, 24

Ambient temperature + 4°C
F
p
LSD
4.684
15.174
1.930
9.103
1.599
0.004
0.774
3.719
1.316
6.571
0.950
1.905
0.083
0.969
5.251
11.300
2.147
5.558
8.679
0.014
1.365

0.019
0.001
0.178
0.001
0.223
0.949
0.472
0.039
0.263
0.017
0.401
0.171
0.776
0.394
0.013
0.003
0.156
0.010
0.001
0.906
0.275

HC < LC

M<N=E
LN < HN

M>N=E
HC < LC

Fig. 8. As in Fig. 7 but for accessory pigments: (a) chl b in Ulva rigida, (b) chl c in Cystoseira tamariscifolia, (c) phycoerythrin
and (d) phycocyanin in Ellisolandia elongata
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Table 2. Statistical summary of the effects of time and carbon-nitrogen treatment on accessory pigments (chl b in Ulva rigida,
chl c in Cystoseira. tamariscifolia, and phycobiliproteins in Ellisolandia elongata) kept at ambient or + 4°C temperature. Main
effects of time of day (TD; M: morning, N: noon, E: evening), carbon regime (CR; LC: low carbon, HC: high carbon), and nitrogen regime (NR; LN: low nitrogen, HN: high nitrogen) as well as interactions of each of these fixed factors were computed for
each species by a 3-way ANOVA; bold = significant p-values (α = 0.05 was used if variances were homogenous; if they were
heterogeneous, a more conservative α = 0.01 was employed, indicated by italic font). Where a significant difference was found
by ANOVA, means were compared using the least significant difference (LSD) procedure
Accessory pigments
df
U. rigida: chl b

Ambient temperature
F
p
LSD

TD
CR
NR
TD × CR
TD × NR
CR × NR
TD × CR × NR

2
1
1
2
2
1
2

0.667
13.659
16.234
3.944
0.190
4.671
0.538

0.523
0.001
< 0.001
0.033
0.828
0.041
0.591

TD
CR
NR
TD × CR
TD × NR
CR × NR
TD × CR × NR

2
1
1
2
2
1
2

5.188
0.529
0.160
0.243
0.900
0.840
0.705

E. elongata: phycoerythrin

TD
CR
NR
TD × CR
TD × NR
CR × NR
TD × CR × NR

2
1
1
2
2
1
2

E. elongata: phycocyanin

TD
CR
NR
TD × CR
TD × NR
CR × NR
TD × CR × NR

2
1
1
2
2
1
2

C. tamariscifolia: chl c

df

Ambient temperature + 4°C
F
p
LSD

2
1
1
2
2
1
2

3.824
21.904
2.725
9.563
1.634
0.564
0.716

0.036
< 0.001
0.112
0.001
0.216
0.460
0.499

0.013
0.474
0.693
0.786
0.420
0.369
0.504

2
1
1
2
2
1
2

3.742
1.687
2.697
0.677
1.330
0.007
0.537

0.038
0.206
0.114
0.518
0.283
0.934
0.591

5.141
1.157
0.256
0.305
0.465
1.351
0.652

0.014
0.293
0.618
0.740
0.634
0.257
0.530

2
1
1
2
2
1
2

0.005
0.457
0.068
0.391
1.448
0.530
0.394

0.995
0.506
0.796
0.681
0.255
0.474
0.678

25.856
0.955
2.238
2.220
0.140
0.029
0.051

< 0.001
0.338
0.148
0.130
0.870
0.866
0.950

2
1
1
2
2
1
2

4.002
0.177
0.363
0.627
2.963
0.141
0.617

0.032
0.677
0.553
0.543
0.071
0.710
0.548

replicate. In addition to the expected diurnal natural
variation in light climate, daily radiation differed between experimental days due to partial cloud cover,
but again differences were similar for all species
and treatments. Changes in natural irradiance may
potentially have impacted on observed differences
between measurements taken on different days which
also coincided with the increase in temperature by
4°C; on the other hand, most significant changes in
light climate, expectedly, occurred over the daily
cycle and caused the diurnal variation in e.g. photosynthetic parameters such as ΔF/Fm’.

Light climate within vessels
Whilst every attempt was made to provide different species and vessels with the same light climate,

LC > HC
LN < HN

M=N<E

LC > HC

N>M=E

species-specific effects were observed which may
have resulted in different micro-climates within
vessels, and these were likely to be similar for all
treatments within species. Thus differences in physiological parameters measured were most likely due
to different treatments, but a comparison between
such effects in different species needs to be interpreted in view of the different light climates experienced by different species within vessels. The
resultant light micro-climates were caused by the
different morphologies of the different species, e.g.
severe shading was observed within U. rigida vessels due to movement of thalli caused by water
motion, which produced efficient mixing of algal
fronds which were then used for the assessment
of physiological parameters. In U. rigida vessels, the
light climate fluctuated greatly and may also have
resulted in light flecks (Kübler & Raven 1996). Sam-
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ples of U. rigida would thus have experienced a
mixed and rapidly changing light climate, but it is
also possible that some pieces were based at the
bottom of the tank for extended periods and thus
became shade-acclimated. For physiological analyses, samples were consistently taken from the surface, but it is possible that individual algae had only
just reached the surface from lower layers following
water movement within the vessels that allowed
mixing within tanks. By contrast, due to their weight,
all C. tamariscifolia and E. elongata specimens were
permanently placed at the bottom of the vessels,
even though the same vigorous water movement
was applied, and it is likely that these 2 species
experienced a more constant light climate. In the
case of C. tamariscifolia, water colour changed over
time, which explained the differences in light levels
between surface and bottom measurements; most
likely this change in water colour and light penetration was related to the exudation of phenolics
released by C. tamariscifolia (Figueroa et al. 2014c);
such exudation of screening compounds has already been observed under high light for the brown
macroalga Macrocystis integrifolia (Swanson &
Druehl 2002). In the confined environment of the
experimental vessels, this exudation resulted in
reduced light, particularly UV, availability. It is also
likely that samples removed from C. tamariscifolia
vessels on different days had experienced slightly
different light climates due to the summative release
(and subsequent reduction/change in light) over
time. By contrast, the removal of biomass over
time (for different measurements and analyses) may
have reduced the degree of shading and thus
increased the availability of light within U. rigida
vessels.
The most consistent light climate was probably
experienced by E. elongata, with only small differences measured between surface and bottom light
within tanks, and again the use of samples from the
surface was always attempted, although some movement of samples may have occurred that caused
some variability between replicate samples.

Nitrogen uptake
Despite spiking all HN tanks equally every morning, resultant N levels in tanks varied between
species, although in each case nitrogen-enrichment
(HN) resulted in concentrations about 4 times those
of unenriched (LN) treatments. This suggests that
significantly different N-regimes were achieved. As

might be expected due to its high surface-to-volume
ratio, U. rigida rapidly took up nitrogen provided to
HN treatments within about 5 h, with concentrations
measured during mid- and late afternoon reaching
those of unenriched vessels. An assessment of possible effects attributed to N-enrichment (or the lack
thereof) should consider that elevated N conditions
were still present in C. tamariscifolia vessels, whereas in the case of U. rigida and E. elongata, such
effects may be caused by nutrients previously absorbed and thus by associated internal N-storage; it
is likely that N-depletion occurred from noon onwards. With the exception of N levels in C. tamariscifolia exhibiting some variability, there were no differences between HCHN and LCHN treatments.
The conditions provided in the tanks therefore represented realistic nutrient regimes experienced by
algae in their natural habitats on the southern coast of
Spain, where nutrient pulsing is a well-documented
phenomenon (e.g. Ramírez et al. 2005).

Pigments
Nitrogen enrichment is likely to affect pigment
contents including chlorophyll (Figueroa et al. 2009),
protein (Ribeiro et al. 2013) and MAA (Figueroa et al.
2010) concentrations. Previous studies have shown a
direct relationship between N-uptake and chl a and
b levels in Ulva sp. (Altamirano et al. 2000) and chl a
in Gracilaria conferta (Figueroa et al. 2010). Indeed,
in our study, all specimens of U. rigida grown under
HN had higher chl a and chl b concentrations. The
relationship between seawater N concentrations and
pigment contents in brown algae is less well documented, although under controlled conditions, pigment levels increased e.g. in Ascophyllum nodosum
(Stengel & Dring 1998) and several kelp species
(Korb & Gerard 2000); also several observations from
field populations report on pigment changes in response to in situ nutrient levels (Henley & Dunton
1995). In line with its coarsely branched morphology
and thus lower surface-to-volume ratio compared to
the other species, N uptake by C. tamariscifolia (as
indicated by disappearance from the media) was less
pronounced than that by the other species, although
both LCHN and HCHN treatments resulted in elevated chl a levels.
Chl a levels generally exhibited some variability.
The most striking effects were observed in response
to N-enrichment and these were most pronounced in
U. rigida under LC conditions before the temperature
rise, but relatively consistently higher levels also oc-
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curred in HN treatments of C. tamariscifolia. Differences observed in E. elongata were more likely due
to HC treatments with no consistent trends observed
for HN impacts, even though N was taken up. At
elevated temperatures, observed changes in chl a
levels were caused by interactions between light,
nutrients and carbon treatments. In U. rigida and E.
elongata in particular, HC appeared to reduce chl a
concentrations.
In this study, phycobiliprotein (i.e. phycoerythrin
and phycocyanin) contents of E. elongata were not
influenced by carbon and nitrogen treatment, contrary to previous studies: in Gracilaria spp. phycoerythrin increased with seawater N concentration
and internal N content (Rosenberg & Ramus 1982,
Figueroa et al. 2010). On the other hand, Gao &
Zheng (2010) observed a decrease in the phycoerythrin content of Corallina sessilis when exposed to
high CO2 (1000 ppmv) for 30 d. The short experimental duration of the present study may explain the lack
of change in phycobiliprotein levels. However, some
diurnal variation was observed, with the highest
phycocyanin levels measured in E. elongata in the
evening.
To assist with the interpretation of the impacts of
the different treatments described here, further biochemical analyses were conducted (e.g. soluble proteins, fatty acids, MAAs, phenolics; Figueroa et al.
2014c).

Effective PSII quantum yield
In all species, considerable diurnal variation was
observed on the 2 experimental days, with lower
yields during periods of high solar radiation in the
afternoon; greatest impacts on yield under different
carbon and nitrogen treatments were observed for U.
rigida where LN caused a slow recovery at ambient
temperature and a fast decline under the ‘ambient
+ 4°C’ treatment. Recovery of yields occurred in all
species and under both temperature regimes, but,
typically, yields of U. rigida were higher than those
of C. tamariscifolia and E. elongata, corresponding
to values previously reported for these species and
other Chlorophyta, Phaeophyceae and Rhodophyta
(e.g. Büchel & Wilhelm 1993).
In U. rigida, yields decreased more rapidly at elevated temperatures but on this day, natural solar
radiation was also higher. Under these more extreme
conditions, recovery under LN conditions was slower
and suggests a N requirement for photoprotective
mechanisms in U. rigida (Henley et al. 1991).
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Conclusions
The established multi-tank system allowed the
successful conditioning of 3 macroalgal species
under semi-natural light conditions and modified
carbon, nitrogen and temperature regimes. Different micro-scale light environments were observed
within tanks which potentially influenced physiological responses, but most of the significant physiological changes occurred in response to diurnal
variation in light climate. However, responses were
species-specific and may have further been affected
by in vitro experimental conditions (self-shading,
release of phenolics). Although water temperatures
were highly variable diurnally, the experimental
approach succeeded in increasing the average temperature by 4°C; however this was accompanied by
a larger temperature variation within tanks. This
short-term temperature increase did not appear to
impact the ability of any species to recover to
morning levels in any of the treatments. The most
significant impacts of the carbon and nitrogen
treatments were observed in U. rigida, probably
due to its sheet-like morphological structure, high
N dependency and generally high metabolic rates;
the observed physiological responses were impacted
by interactions of the environmental factors carbon
and nitrogen, whereas temperature effects were
less pronounced for all species. Physiological
responses of U. rigida appeared to be most
sensitive to rapid changes in irradiances and both
carbon and nutrient treatment, whilst C. tamariscifolia was impacted the least by any environmental
factor.
The 3 species grow in close proximity on exposed
rocky outcrops in the low intertidal in southern
Spain; however, the differences in their physiological responses were likely due to a combination of
morphological structures (e.g. shrubby nature of C.
tamariscifolia), low productivity of the calcified E.
elongata and photoprotective mechanisms in C.
tamariscifolia and E. elongata. In their natural habitat all species occur predominantly in dense
clumps, with extreme self-shading providing at
least partial protection from certain stressors, including solar radiation and desiccation, at least for
E. elongata.
Analysis of further biochemical parameters and
more detailed PAM fluorescence measurements conducted under controlled conditions are presented in
other papers (Figueroa et al. 2014b,c) and will help
further elucidate the protective mechanisms employed
by the 3 species. Further, longer-term studies should

Aquat Biol 22: 159–176, 2014

174

(2012) Climate change impacts on marine ecosystems.
be conducted which incorporate different temporal
Ann Rev Mar Sci 4:11−37
scales and assess the impacts at multiple, physioFabry
VJ, Seibel BA, Feely RA, Orr JC (2008) Impacts
➤
logical, biochemical and genetic levels.
of ocean acidification on marine fauna and ecosystem
processes. ICES J Mar Sci 65:414−432

➤ Figueroa FL, Nygård C, Ekelund N, Gómez I (2003) PhotoAcknowledgements. The authors are grateful for the following financial contributions supporting the GAP 9 Workshop
‘Influence of the pulsed-supply of nitrogen on primary productivity in phytoplankton and marine macrophytes: an
experimental approach’ from: Walz GmbH, Effeltrich, Germany (also for making available several PAM fluorometers),
Redox, the University of Málaga, Ministerio de Economía y
Competitividad del Gobierno de España (Acción Complementaria CTM2011-15659-E), the Spanish Institute of
Oceanography, the (Irish) Marine Institute and the Marine
Research Sub-programme of the National Development
Plan 2007-2013 (to U.N.), the National Science Foundation
of the USA (NSF-DBI 1103652 (to T.K.), the FCT project
PHYSIOGRAPHY (PTDC/MAR/105147/2008; to F.A.), a
PhD grant from the Portuguese Foundation for Science and
Technology − FCT (SFRH/BD/33393/2008; to F.V.-P.); the
German Ministry for Research and Education (BMBF)
within the BIOACID project (to K.B.), Consejería de Innovación, Ciencia y Empresa, Junta de Andalucía (P09-RNM5187; to M.A.) and the Consejo Nacional de Ciencia y Tecnología, México (CB-86933.Z; to D.R.).

➤

➤

➤

➤

➤

LITERATURE CITED

➤
➤ Altamirano M, Flores-Moya A, Conde F, Figueroa FL (2000)

➤
➤

➤
➤
➤

➤
➤

➤

➤

Growth seasonality, photosynthetic pigments, and carbon and nitrogen content in relation to environmental
factors: a field study of Ulva olivascens (Ulvales, Chlorophyta). Phycologia 39:50−58
Axelsson L, Ryberg H, Beer S (1995) Two modes of bicarbonate utilization in the marine green macroalga Ulva
lactuca. Plant Cell Environ 18:439−445
Bach LT, Mackinder LCM, Schulz KG, Wheeler G,
Schroeder DC, Brownlee C, Riebesell U (2013) Dissecting the impact of CO2 and pH on the mechanisms of
photosynthesis and calcification in the coccolithophore
Emiliania huxleyi. New Phytol 199:121−134
Beer S, Eshel A (1985) Determining phycoerythrin and
phycocyanin concentrations in aqueous crude extracts of
red algae. Aust J Mar Freshw Res 36:785−792
Bischof K, Gómez I, Molis M, Hanelt D and others (2006)
Ultraviolet radiation shapes seaweed comunities. Rev
Environ Sci Biotechnol 5:141−166
Büchel C, Wilhelm C (1993) In vivo analysis of slow chlorophyll fluorescence induction kinetics in algae: progress,
problems and perspectives. Photochem Photobiol 58:
137−148
Cai WJ, Hu X, Huang WJ, Murrell MC and others (2011)
Acidification of subsurface coastal waters enhanced by
eutrophication. Nat Geosci 4:766−770
Cornwall C, Hepburn CD, Pritchard D, McGraw C, Hunter
K, Hurd CL (2012) Carbon-use strategies in macroalgae:
differential responses to lowered pH and implications for
ocean acidification. J Phycol 48:137−144
Doney SC, Fabry VJ, Feely RA, Kleypas JA (2009) Ocean
acidification: the other CO2 problem. Ann Rev Mar Sci 1:
169−192
Doney SC, Ruckelshaus M, Duffy JE, Barry JP and others

➤

➤

➤
➤

➤

➤

➤

biological characteristics and photosynthetic UV responses
in two Ulva species (Chlorophyta) from southern Spain.
J Photochem Photobiol B 72:35−44
Figueroa FL, Israel A, Neori A, Martínez B and others (2009)
Effects of nutrient supply on photosynthesis and pigmentation in Ulva lactuca (Chlorophyta): responses to shortterm stress. Aquat Biol 7:173−183
Figueroa FL, Israel A, Neori A, Martínez B and others (2010)
Effect of nutrient supply on photosynthesis and pigmentation to short-term stress (UV radiation) in Gracilaria
conferta (Rhodophyta). Mar Pollut Bull 60:1768−1778
Figueroa FL, Domínguez-González B, Korbee N (2014a)
Vulnerability and acclimation to increased UVB in the
three intertidal macroalgae of different morphofunctional groups. Mar Environ Res 97:30−38
Figueroa FL, Conde-Álvarez R, Bonomi Barufi J, Celis-Plá
PSM and others (2014b) Continuous monitoring of in
vivo chlorophyll a fluorescence in Ulva rigida (Chlorophyta) submitted to different CO2, nutrient and temperature regimes. Aquat Biol 22:195–212
Figueroa FL, Bonomi Barufi J, Malta EJ, Conde-Álvarez R
and others (2014c) Short-term effects of increasing CO2,
nitrate and temperature on three Mediterranean macroalgae: biochemical composition. Aquat Biol 22:177–193
Frost-Christensen H, Sand-Jensen K (1990) Growth rate and
carbon affinity of Ulva lactuca under controlled levels of
carbon, pH and oxygen. Mar Biol 104:497−501
Gao K, Zheng Y (2010) Combined effects of ocean acidification and solar UV radiation on photosynthesis, growth,
pigmentation and calcification of the coralline alga
Corallina sessilis (Rhodophyta). Glob Change Biol 16:
2388−2398
Grasshoff K, Kremling K, Ehrhardt M (1999) Methods of
seawater analysis. 3rd edn. Wiley-VCH, Weinheim
Harley CDG, Anderson KM, Demes KW, Jorve JP, Kordas
JR, Coyle TA, Graham MH (2012) Effects of climate
change on global seaweed communities. J Phycol 48:
1064−1078
Hay ME (1981) The functional morphology of turf-forming
seaweeds: persistence in stressful marine habitats. Ecology 62:739−750
Henley WJ, Dunton KH (1995) A seasonal comparison of
carbon, nitrogen, and pigment content in Laminaria
solidungula and L. saccharina (Phaeophyta) in the
Alaskan Arctic. J Phycol 31:325−331
Henley WJ, Levavasseur G, Franklin LA, Osmond CB,
Ramus J (1991) Photoacclimation and photoinhibition in
Ulva rotundata as influenced by nitrogen availability.
Planta 184:235−243
Hofmann LC, Straub S, Bischof K (2012) Competitive interactions between calcifying and noncalcifying temperate
marine macroalgae under elevated CO2 levels. Mar Ecol
Prog Ser 464:89−105
Høiskar BAK, Haugen R, Danielsen T, Kylling A and others
(2003) A new multichannel moderate bandwidth filter
instrument for the measurement of the total ozone column amount, cloud transmittance and UV dose rates.
Appl Opt 42:3472−3479
Hurd CL, Cornwall CE, Currie K, Hepburn CD, McGraw

Stengel et al.: CO2, nutrient and temperature effects on macroalgae

➤
➤

➤
➤

➤
➤

➤

➤

➤
➤

➤

CM, Hunter KA, Boyd PW (2011) Metabolically induced
pH fluctuations by some coastal calcifiers exceed projected 22nd century ocean acidification: a mechanism for
differential susceptibility? Glob Change Biol 17:3254−3262
Korb RE, Gerard VA (2000) Effects of concurrent low temperature and low nitrogen supply on polar and temperate seaweeds. Mar Ecol Prog Ser 198:73−82
Krassoi FR, Brown KR, Bishop MJ, Kelaher BP, Summerhayes S (2008) Condition-specific competition allows
coexistence of competitively superior exotic oysters with
native oysters. J Anim Ecol 77:5−15
Kübler JE, Raven JA (1996) Non-equilibrium rates of photosynthesis and respiration under dynamic light supply.
J Phycol 32:963−969
Larsson C, Axelsson L, Ryberg H, Beer S (1997) Photosynthetic carbon utilization by Enteromorpha intestinalis
(Chlorophyta) from a Swedish rockpool. Eur J Phycol 32:
49−54
Martin S, Gattuso JP (2009) Response of Mediterranean
coralline algae to ocean acidification and elevated temperature. Glob Change Biol 15:2089−2100
Martínez B, Sordo Pato L, Rico JM (2012) Nutrient uptake
and growth responses ofthree intertidal macroalgae with
perennial, opportunistic and summer-annual strategies.
Aquat Bot 96:14−22
Meehl GA, Stocker TF, Collins WD, Friedlingstein P and
others (2007) Global climate projections. In: Solomon S,
Qin D, Manning M, Chen Z and others (eds) Climate
change 2007: The physical science basis. Contribution of
Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge p 747−846
Ní Longphuirt S, Eschmann C, Russell C, Stengel DB (2013)
Seasonal and species-specific response of five brown
macroalgae to high atmospheric CO2. Mar Ecol Prog Ser
493:91−102
Orr JC, Fabry VF, Aumont O, Bopp L and others (2005)
Anthropogenic ocean acidification over the twenty-first
century and its impact on calcifying organisms. Nature
437:681−686
Porzio L, Buia MC, Hall-Spencer JM (2011) Effects of ocean
acidification on macroalgal communities. J Exp Mar Biol
Ecol 400:278−287
Ramírez T, Cortés D, Mercado JM, Vargas-Yañez M,
Sebastián M, Liger E (2005) Seasonal dynamics of inorganic nutrients and phytoplankton biomass in the NW
Alboran Sea. Estuar Coast Shelf Sci 65:654−670
Raven JA (2011) Effects on marine algae of changed seawater chemistry with increasing atmospheric CO2. Biol

175

Environ 111B:1−17, doi:10.3318/BIOE.2011.01.1

➤ Ribeiro ALN, Tesima KE, Souza JM, Yokoya NS (2013)

➤
➤

➤

➤

➤
➤
➤

➤
➤

➤

Effects of nitrogen and phosphorus availabilities on
growth, pigment, and protein contents in Hypnea cervicornis J. Agardh (Gigartinales, Rhodophyta). J Appl
Phycol 25:1151−1157
Riebesell U, Schulz KG, Bellerby RGJ, Botros B and others
(2007) Enhanced biological carbon consumption in a
high CO2 ocean. Nature 450:545−548
Ritchie RJ (2008) Universal chlorophyll equations for estimating chlorophylls a, b, c, and d and total chlorophylls
in natural assemblages of photosynthetic organisms
using acetone, methanol, or ethanol solvents. Photosynthetica 46:115−126
Roleda MY, Hurd CL (2012) Seaweed responses to ocean
acidification. In: Wiencke C, Bischof K (eds) Seaweed
biology. Springer-Verlag, Berlin, p407−431
Roleda MY, Morris JN, McGraw CM, Hurd CL (2012) Ocean
acidification and seaweed reproduction: increased CO2
ameliorates the negative effect of lowered pH on
meiospore germination in the giant kelp Macrocystis
pyrifera (Laminariales, Phaeophyceae). Glob Change
Biol 18:854−864.
Rosenberg G, Ramus J (1982) Ecological growth strategies
in the seaweeds Gracilaria foliifera (Rhodophyceae) and
Ulva sp. (Chlorophyceae): photosynthesis and antenna
composition. Mar Ecol Prog Ser 8:233−241
Russell BD, Passarelli CA, Connell SD (2011) Forecasted
CO2 modifies the influence of light in shaping subtidal
habitat. J Phycol 47:744−752
Shibata T, Hama Y, Miyasaki T, Ito M, Nakamura T (2006)
Extra-cellular secretion of phenolic substances from
living brown algae. J Appl Phycol 18:787−794
Stengel DB, Dring MJ (1998) Seasonal variation in the pigment content and photosynthesis of different thallus
regions of Ascophyllum nodosum (Fucales, Phaeophyta)
in relation to position in the canopy. Phycologia 37:
259−268
Swanson AK, Druehl LD (2002) Induction, exudation and the
UV protective role of kelp phlorotannins. Aquat Bot 73:
241−253
Wahl M, Molis M, Davis A, Drobestov S and others (2004)
UV effects that come and go: a global comparison of marine benthic community level impacts. Glob Change Biol
10:1962−1972
Yildiz G, Hofmann LC, Bischof K, Dere S (2013) Light quality
modulates physiological responses of the calcifying
rhodophyte, Corallina officinalis (L.) to elevated CO2. Bot
Mar 56:161−168

176

Aquat Biol 22: 159–176, 2014

Appendix. Complete list of authors’ addresses

Dagmar B. Stengel1, Rafael Conde-Álvarez2, Solène Connan3, 4, Udo Nitschke1, Francisco Arenas5, Helena Abreu6, José
Bonomi Barufi7, Fungyi Chow8, Daniel Robledo9, Erik-Jan Malta10, Mayte Mata2, Talina Konotchick11, Cristina Nassar12,
Ángel Pérez-Ruzafa13, David López2, Ronny Marquardt14, Fátima Vaz-Pinto5, Paula S. M. Celis-Plá2, Maibe Hermoso2,
Esther Ruiz2, Gema Ordoñez2, Pauli Flores2, Marianela Zanolla15, Elena Bañares-España15, María Altamirano15, Nathalie
Korbee2, Kai Bischof16, Félix L. Figueroa2
1

Botany and Plant Science, School of Natural Sciences and Ryan Institute for Environmental, Marine and Energy
Research, National University of Ireland Galway, Galway, Ireland
2
Departmento of Ecología, Facultad de Ciencias, Universidad de Málaga, 29071 Málaga, Spain
3
Photobiotechnology, INTECHMER, Conservatoire National des Arts et Métiers, BP 324, 50103 Cherbourg Cedex, France
4
CNRS, GEPEA, UMR6144, Boulevard de l’Université, CRTT BP 406, 44602 Saint Nazaire Cedex, France
5
CIIMAR/CIMAR - Interdisciplinary Centre of Marine and Environmental Research, University of Porto, Rua dos Bragas
289, 4050-123 Porto, Portugal
6
ALGAplus Ltd – R&D Department, Rua António Castilho 3850-405 Angeja, Portugal
7
Departamento de Botânica, Universidade Federal de Santa Catarina, 88040-970 Trindade, Florianópolis, SC, Brazil
8
Department of Botany, University of São Paulo, Rua do Matão 277, CEP 05508-090, São Paulo, SP, Brazil
9
CINVESTAV-IPN, Unidad Mérida Km 6 Antigua Carretera a Progreso Apartado Postal 73 Cordemex 97310, Mérida,
Yucatán, México
10
Centro IFAPA Agua del Pino, Crtra. El Rómpido – Punta Umbría, 21459 Cartaya (Huelva), Spain
11
Environmental & Microbial Genomics Dept., J. Craig Venter Institute, 4120 Capricorn Lane, La Jolla, CA 92037, USA
12
Departamento de Botânica, Instituto de Biologia, Universidade Federal do Rio de Janeiro, Brazil
13
Departamento de Ecología e Hidrología, Facultad de Biologia, Campus de Excelencia Mare Nostrum, Universidad de
Murcia, 30100 Murcia, Spain
14
Department of Aquaculture, Fraunhofer Institution for Marine Biotechnology, 23562 Lübeck, Germany
15
Departmento de Biología Vegetal, Facultad de Ciencias, Universidad de Málaga, 29071 Málaga, Spain
16
Marine Botany, Bremen Marine Ecology Centre for Research and Education, University of Bremen, Leobener Str. NW2,
28359 Bremen, Germany

Submitted: December 4, 2013; Accepted: May 20, 2014

Proofs received from author(s): July 29, 2014

