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Juvenile life stages of the brown alga Fucus serratus L. are more
sensitive to combined stress from high copper concentration

and temperature than adults
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Abstract The combined effects of exposure to copper
and temperature were investigated in adult specimens and
germlings of the canopy-forming brown alga Fucus ser-
ratus. A matrix of four temperatures, 6, 12, 17 and 22 °C,
and three concentrations of copper, 0, 100 and 1,000 nM
total copper were used. Measured endpoints were growth
rate, chlorophyll fluorescence parameters and for germlings
also survival. The growth rate of adult specimens of F. ser-
ratus changed with increasing temperature. Growth tended
to be negatively affected by high concentrations of copper
when exposed to heat (22 °C) though not significantly so.
The photosynthetic performance (i.e., chlorophyll fluores-
cence parameters: F,/F,, maximum electron transport rate
(ETR,,,,) and maximum non-photosynthetic quenching
(NPQ,,,x) of adults was largely unaffected by both copper
and temperature. Germling survival, growth rate and chlo-
rophyll fluorescence parameters were affected by the com-
bination of copper concentration and temperature. Increas-
ing temperature led to reduced survival, increased rhizoid
growth and higher F/F,, and ETR_,,, whereas high cop-
per concentration had a negative effect on the latter three
endpoints. The negative effect of high copper concentration
was amplified by high temperature. We conclude that juve-
niles of F. serratus are more susceptible to environmental
stressors than adult specimens and recommend therefore
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including early life stages when assessing the risk of expo-
sure to toxic compounds. Considering the response of adult
specimens only may lead to false conclusions regarding the
ecological impact of environmental stress.

Introduction

Brown macroalgae, belonging to the genus Fucus, form
extensive populations and constitute the foundation spe-
cies of intertidal and subtidal communities on temper-
ate rocky shores. These macrophyte assemblages support
marine ecosystems by providing food and shelter for vari-
ous marine invertebrates and fish, as well as substratum for
epiphytic algae (Begin et al. 2004). While brown macroal-
gae may resist some degree of environmental stress, their
long-term persistence depends on their reproductive abil-
ity as well as the survival and growth of early life history
stages (germlings) that are generally more susceptible to
natural and anthropogenic stressors than adults (Anders-
son and Kautsky 1996; Steen 2004a; Fredersdorf et al.
2009). There is a definite risk that fucoids are threatened
as a result of increased exposure to natural and human-
induced stressors such as extreme temperatures, excess
nutrients and toxic compounds. Brown algal habitats are
already under threat from anthropogenic pollution (Keve-
kordes 2000), and effects of pollution are likely to act on
both adult and germlings performance (Kevekordes and
Clayton 2000; Nygard and Dring 2008). The range distri-
bution of marine algae is largely determined by water tem-
perature (Liining 1984), and ongoing changes in sea water
temperature are therefore expected to cause changes in
the north—south (latitudinal) distribution of many marine
algae (Adey and Steneck 2001; Muller et al. 2009; Harley
et al. 2012). Such changes have already been documented
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for inter-tidal seaweeds, such as fucoids (Wernberg et al.
2011; Diez et al. 2012). Variations in temperature may be
caused by local or large-scale fluctuations or by climate
change. A study on the effects of human-induced stress on
the survival of brown macroalgae should therefore evolve
around synergistic effects of temperature and pollution
agents on germling performance in addition to adult brown
algae performance. Most fucoids are considered to be
cold-temperate species (Liining 1984), and temperatures
above 20 °C are generally considered unsuitable for these
algae (Wiencke et al. 1994; Zou et al. 2012), although
exceptions from this pattern are known (Nygard and Dring
2008).

It is well known that exposure to contaminants, espe-
cially heavy metals, may reduce the growth and photosyn-
thesis of brown macroalgae (Connan and Stengel 2011).
Recent studies showed, in contrast, that adult specimens of
Fucus serratus seem rather tolerant to quite high concen-
trations of copper (Eklund and Kautsky 2003; Nielsen and
Nielsen 2010). A few studies have shown that germlings are
more susceptible to metal-induced stress than adult speci-
mens (Andersson and Kautsky 1996; Bond et al. 1999).
The performance of adult brown algae is often assessed as
growth, while that of germlings is assessed by measuring
germination success and rhizoid elongation. However, pre-
vious research (Nielsen et al. 2003a; Nielsen and Nielsen
2005) has indicated that there are at least two distinctive
targets for environmental stress in brown algae: photosyn-
thesis on the one hand and growth and rhizoid germination
and elongation on the other.

The effect of high temperature stress on photosynthe-
sis in brown algae is related to inactivation of enzymes
and the induction of reactive oxygen species (ROS),
leading to photoinhibition (Suzuki and Mittler 2006).
Induction of ROS results in cellular damage and may
also be induced by pollutant exposure (Nielsen et al.
2003a) in brown algae. Photoinhibition may thus be
induced both as a result of temperature stress and as a
result of exposure to contaminants, e.g., heavy met-
als, and may cause reduced energy fixation and growth.
Growth rates of adult brown macroalgae may finally be
affected by temperature through the increase in meta-
bolic rates (Nygard and Dring 2008). Heavy metals have
a direct adverse effect on growth of algae in addition to
the inhibitory effects on photosynthesis through effects
on cell wall loosening and cell division (Xylander et al.
1998; La Rocca et al. 2009).

The toxicity mechanism of anthropogenic pollution in
germling development is well documented (Bond et al.
1999; Nielsen et al. 2003a). Germination and rhizoid
elongation occur by tip growth where apical expan-
sion of the rhizoid is directed by a Ca®* gradient at the
rhizoid apex (Roberts et al. 1993), and it has previously
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been shown that heavy metals inhibit rhizoid germina-
tion and elongation by selectively attenuating the growth-
conducting Ca®* signal at the rhizoid apex, presumably
by inhibiting the entry of external Ca’" into the cell
(Nielsen et al. 2003a). Information on specific targets
for temperature stress on germling development is more
sparse (Steen 2004b; Steen and Rueness 2004; Steen and
Scrosati 2004), but most likely involves the metabolic
enzymatic processes, supporting rhizoid germination and
elongation, being slowed down as a result of temperature
stress.

There are thus at least two distinctive targets for envi-
ronmental stress in brown algae. Inhibition of photosyn-
thesis may represent a general target for environmen-
tal stress that is different from the processes involved in
growth and rhizoid development that are inhibited directly
by heavy metal pollution. While algal performance is nor-
mally determined by measuring growth in adults and ger-
mination success and rhizoid elongation in germlings, this
approach alone is not sufficient to assess stress responses.
Parallel studies of the stress response of the photosynthetic
apparatus must be carried out to complement the assess-
ment of growth and rhizoid development and provide more
complete information of algal responses to environmental
stress. Information on synergistic effects of pollutants and
temperature or other stressors on brown algae germlings
must be collected and compared with effects on adult spec-
imens in order to fully assess the potential threat from the
combined effects of high temperature and anthropogenic
pollution.

In this study, we test the effects of temperature and
copper on growth, survival and photosynthetic parameters
in adult specimens and germlings of the fucoid brown
algae F. serratus. Adult specimens and germlings were
grown in a matrix of four different temperatures and three
different concentrations of copper. We chose to test tem-
peratures that are both higher and lower than present day
summer means in the North Sea region. As F. serratus
releases its gametes from July to September (Knight and
Parke 1950; Malm et al. 2001), the two intermediate tem-
peratures were chosen to bracket the diurnal mean tem-
peratures during the warmest month of the year in north-
ern Europe (around 15 °C). We hypothesized that lower
and higher temperatures (here represented by 6 and 22 °C,
respectively) would constitute environmental stress,
defined as a significant deviation from the optimal condi-
tion of life (Larcher 2001), and that these effects would
be exacerbated by the presence of a pollutant, in this case
copper. The copper concentrations are selected so that the
intermediate and the high concentration are representa-
tive of concentrations in the Baltic straits open water and
in polluted harbor waters, respectively (Pohl et al. 1993;
Pohl and Hennings 1999).
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Materials and methods
Adults
Collection and culturing

Adult specimens of F. serratus were collected at low tide
from Belhaven Bay on the SE of the Firth of Forth, Scot-
land, UK, in March 2008 at a water temperature of 5-6 °C.
Samples were transported to the laboratory on ice within
1.5 h of collection. In the laboratory, vegetative apical
frond tips of approximately 3 cm length were allowed to
recover from cutting for 5 days in aerated filtered ultravi-
olet (UV)-treated seawater at 15 °C (Nielsen and Nielsen
2005, 2010). The fronds were then placed in 150 ml incu-
bation medium in individual aerated beakers placed in
temperature-adjusted water baths at 6, 12, 17 and 22 °C for
18 days. The incubation medium was made from artificial
seawater (ASW) prepared using Aquil (Morel et al. 1979).
This medium contains macro- and micronutrients, essen-
tial trace metals as well as vitamins. Copper was added
as CuSO, from the beginning of the 18-day period in the
following concentrations: 0, 100 and 1,000 nM total cop-
per (Cu;), corresponding to 0, 42 and 422 nM free Cu?*.
The medium was changed 3 times per week. An irradiance
of 400 pmol m~2 s~! was provided on a 16:8-h light/dark
cycle during both the 5-day recovery period and during the
following experimental incubation, using white (daylight
spectrum) metal-halide lamps. Five individual fronds from
different adult individuals in separate beakers were sub-
jected to each treatment (n = 5). The following endpoints
were measured:

Growth

Relative growth rates were based on the change in fresh
weight. The fronds were carefully wiped with soft tissue
paper to remove excess water from the surface before being
weighted. Relative growth rate was calculated as M,
where W, is the fresh weight at day ¢, W, is the fresh weight
at day O and ¢ is the number of days (18 days) between the
two measurements.

Chlorophyll fluorescence parameters

Chlorophyll fluorescence parameters were measured at the
same temperatures that the fronds were incubated at on a
Hansatech FMS 1 PAM (Hansatech, King’s Lynn, UK),
using default factory settings. Fronds were dark adapted
for 15 min, and F, and F, were determined prior to each
series of measurements. Subsequently, F, and F, were
determined using a light curve with 8 different irradiances
gradually increasing from 0 to 1,200 wmol m~2 s~!, each

irradiance lasting 60 s (Nielsen and Nielsen 2008). The
light source in this PAM is a broad-spectrum halogen
lamp that provides both the actinic light and the saturation
pulses. During the measurements, the fronds were placed
in petri dishes with ASW. The optical fiber was kept at a
fixed working distance of 4 mm from the frond surface,
kept in place by the provided Hansatech leaf-clips. Thal-
lus light absorbance for calculation of relative electron
transport rate (rETR) was based on transmission measure-
ments using a Hansatech QRT1 light meter (Hansatech,
King’s Lynn, UK) and found to average 0.912 + 0.019.
The average was used for calculations of ETR values.
Chlorophyll fluorescence parameters (F,, F,,, ETR and
NPQ) were calculated according to Maxwell and Johnson
(2000).

Germlings
Gamete acquisition and culture of zygotes

Adult F. serratus were collected and transported to the
laboratory as described above. Mature receptacles were
cut from male and female algae, blotted dry and stored in
the dark at 3—5 °C for up to 2 weeks. Gamete release was
stimulated by rinsing receptacles in tap water and exposing
them to natural day light for 45 min. Transfer of receptacles
to the same ASW as described above (Morel et al. 1979)
induced gamete release (Nielsen et al. 2003a). The concen-
tration of gametes was adjusted by measuring the absorb-
ance of gametes in ASW in a 1-ml cuvette on a spectro-
photometer. The sperm concentration was kept constant at
approximately 4.25 x 10° cells ml~!, which was equivalent
to an absorbance of 0.2 at a wavelength of 480 nm, the pri-
mary absorption wavelength of carotenoids. The egg con-
centration was kept constant at approximately 200 ml~!,
which was equivalent to an absorbance of 0.1 at a wave-
length of 450 nm, the primary absorption wavelength of
chlorophyll. Mixing of male and female gametes in ASW
induced fertilization. The resulting zygotes were filtered
through a 100-pm mesh into fresh ASW (Nielsen et al.
2003a). The zygotes were cultured in small petri dishes fit-
ted with cover slip bases onto which the zygotes were sown
at a density of approximately 200 per dish. After settlement
and initial attachment of zygotes, the dishes were filled
with 5 ml ASW. Germlings were transferred to the follow-
ing copper concentrations: 0, 100 and 1,000 nM total cop-
per (Cu,), corresponding to 0, 42 and 422 nM free Cu*"
(Nielsen et al. 2003a, b, 2005) 24 h after fertilization. The
medium was changed at 2, 4 and 6 days after fertilization.
To determine survival, growth rate, measured as rhizoid
elongation, and photosynthesis, germlings were plated in
petri dishes in ASW at the same copper concentrations at

an approximate density of 100 cm 2.
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Petri dishes and beakers were placed in incubators at 6,
12, 17 and 22 °C at an irradiance of 100 pmol m™2s™'in a
16:8-h light/dark cycle. Germlings were cultured for a total
of 7 days (until 7 days after fertilization), where the follow-
ing endpoints were measured: germling survival, rhizoid
length (as a proxy for growth rate) and chlorophyll fluo-
rescence parameters. The whole experiment was repeated
three times, each time with a different batch of germlings
(n = 3). Batches were run in parallel to avoid any seasonal
effects.

Germling survival

Germling survival was determined as the number of live
germinated germlings out of a total of 80 germinated ger-
mlings for each treatment, evaluated under a microscope
at 10x magnification. A live germinated germling is one
that evinces cell division after germination (Brownlee and
Bouget 1998).

Rhizoid length

Digital images were recorded of 20-40 germlings (unre-
lated to treatment combination) for each treatment at 10x
magnification (Sony Cyber-Shot, 3.3 megapixels, Sony
Corporation, Tokyo, Japan). The rhizoid length was defined
as the distance from the wall dividing the thallus from the
rhizoid to the rhizoid tip and was measured using the image
analysis SOFTWARE SIGMA SCAN PRO v. 5.

Chlorophyll fluorescence parameters

The following parameters were recorded: maximum quan-
tum yield of PSII (F,/F,), nonphotochemical quenching
(NPQ) and ETR (Maxwell and Johnson 2000). All param-
eters were determined on a microscopy PAM (Walz, Effel-
trich, Germany) using default factory settings at the respec-
tive treatment temperatures. Germlings were dark adapted
for 15 min, and F, and F,, were determined prior to each
series of measurements. Subsequently, F,, and F, were
determined at eight different irradiances, gradually increas-
ing from 0 to 520 wmol m~2 s~!. Each step lasted 30 s.
The light source in this PAM is a blue light emitting diode
(LED) (470 nm) that provides both the actinic light and the
saturation pulses. A generic light absorbance of 84 % was
used to calculate ETR values (Maxwell and Johnson 2000).

Statistical analysis
Adults

Adult response variables (growth and chlorophyll fluores-
cence parameters) were subjected to two-way ANOVA with
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temperature and Cu concentration as fixed factors. Tukey’s
test was subsequently used to compare individual means
across significantly different treatment levels. Data were
tested for homogeneity of variance (Cochran’s test) and
normal distribution (Kolmogorov—Smirnoff goodness of fit
test) before being analyzed by ANOVA. All tests on data
from adult specimens were carried out using SYSTAT v. 13
with « = 0.05.

Germlings

Randomized Block ANOVA was used to test the effects of
temperature (4 levels fixed) and Cu (3 levels fixed) on ger-
mling survival, rhizoid length and fluorescence parameters
(F/F,, ETR_,, and NPQ,_.). The germlings used in the
experiment originated from three different batches, each
being used for one set of replicated treatments, and these
batches were therefore considered as “blocks” (random
factor). We followed the recommendation by Quinn and
Keough (2002) and used a nonadditive model and separate
error terms to estimate appropriate F ratios and P values
for the main effects and their interaction. As opposed to the
traditional use of additive models for testing main effects
in Randomized Block designs, this approach is not affected
by the potential presence of Block x factor interactions, the
downside being that there is no specific test for the effect
of Block and no tests for the Block x factor interactions.
F ratios were estimated as: Frry, = MSye, /MSrenn . piocks
FCu = MSCu/MSCuxBlock and FTemprlock = MSTempxCu/
MS fempxcuxBlock (Table 10.6 in Quinn and Keough (2002)).
All analyses were conducted using permutational ANOVA
on PERMANOVA + for PRIMER. Analyses were executed
using Type III sum of squares on geometric (Euclidean)
distances and unrestricted permutation (9,999 times) of raw
data (Anderson et al. 2008). All tests were carried out using
a =0.05.

Results
Adult Fucus

The relative growth rate of adult F. serratus (Fig. 1) ranged
from 0.9 to 2.8 % d~' across treatments and was only
affected significantly by temperature, but not by copper
concentration and not by the interaction between temper-
ature and copper (Table 1). The mean growth rate (across
levels of Cu) at low temperature (6 °C) was 25-50 % lower
than those at higher temperatures (12-22 °C). Exposure to
the highest concentration of Cu had a marked (albeit the
interaction was not significantly affected; p = 0.088) effect
at 22 °C, where the mean growth rate was reduced by ca.
50 % relative to that in the control treatment (0 nmol Cu
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Fig. 1 Relative growth rates (% d~!) of adult F. serratus specimens
as a function of the various temperatures (°C) and copper concentra-
tions employed in this work. Open bars (left) total copper concen-
tration (Cuy) O nM, hatched bars (center) total copper concentra-
tion 100 nM, cross-hatched bars (right) total copper concentration
1,000 nM. Mean values + 1 SE (n = 5) are shown. The total copper
concentrations correspond to 0, 42 and 422 nM free Cu?t, respec-
tively

Table 1 Results of two-way ANOVA testing the effects of tempera-
ture (4 levels: 6, 12, 17 and 22 °C) and copper concentration (3 lev-
els: 0, 100 and 1,000 nM) on various endpoints measured on adult F.
serratus

Source of variation SS df MS Fratio p

Growth rate
Temperature 8.400 3 2.800 8.692 <0.001
Cu 1.860 2 0.930 2.886  0.066
Temp x Cu 3.816 6 0.636 1.974  0.088
Error 15.462 48 0.322

Maximum quantum yield (F,/F.,)
Temperature 0.063 3 0.021 7.812  <0.001
Cu 0.013 2 0.007 2450  0.101
Temp x Cu 0.015 6 0.003 0950 0472
Error 0.097 36 0.003

Maximum electron transport rate (ETR )
Temperature 3418 x 105 3 1.139 x 10° 2.019  0.129
Cu 0.777 x 10° 2 0.388 x 10° 0.688  0.509
Temp x Cu 1.637 x 10° 6 0.273 x 10° 0.483 0.816
Error 20.318 x 105 36 0.564 x 10°

Nonphotochemical quenching (NPQ,,,,)
Temperature 50.852 3 16951 1.763  0.172
Cu 20.229 2 10.114 1.052  0.360
Temp x Cu 46.550 6 7.758 0.807  0.571
Error 346.180 36 9.616

22 °C). Maximum quantum yield (F,/F,,) of adult Fucus
averaged 0.694 + 0.063 (mean + SD) across all treat-
ments (Fig. 2) and was only affected by temperature, but

neither by copper nor by the Temperature x Cu interac-
tion (Table 1). ETR,, and NPQ,,,. averaged 7.38 & 3.14
(mean + SD) and 86.38 + 23.59, respectively, across
all treatments (Fig. 2), but none of these response vari-
ables were affected significantly by any of the treatments
(Table 1).

Fucus germlings

Germling survival ranged from 100 to 82 % depending on
treatment (Fig. 3) and was affected by both temperature and
copper (Table 2). Survival decreased with increasing tem-
perature as well as with increasing copper concentration.
Although the negative effect of copper seemed stronger at
higher temperatures (i.e., 17 and 22 °C), there was no sig-
nificant interaction between the two factors.

Germling growth rate (rhizoid elongation; Fig. 4) ranged
from 170 to 710 pwm (Table 2). Increasing temperature had
a significantly positive effect on growth (Table 2), which
increased almost threefold (at 0 nM Cu) from 236 pm
at 6 °C to 694 pym at 22 °C. At the same time, germling
growth decreased significantly with increasing copper
exposure, so that germlings exposed to 1,000 nM total cop-
per grew markedly slower than germlings exposed to no
or low concentrations of copper. The negative effect of Cu
became more evident with increasing temperature.

All chlorophyll fluorescence parameters (i.e., F./F,,
ETR,,,, and NPQ,,.; Fig. 5) were affected by the inter-
action between temperature and copper (Table 2). F/F,
increased from 0.45 at 6 to 0.63 at 22 °C, indicating that
increasing temperature alleviated photostress in the ger-
mlings. Exposure to copper had no effect on F/F,, at
6 °C, but lowered F/F,, at 12, 17 and 22 °C, respectively.
ETR,,,« was low at 6 °C (3.21 % 0.27) and increased sig-
nificantly from 6 to 12 °C (14.40 £ 1.95) at 0 nM Cu
(Fig. 5; Table 2), while there was no further increase in
ETR,,,, at higher temperatures. Exposure to copper had no
effect on ETR at 6 °C, but it had a strong negative effect
at the three higher temperatures. NPQ,,,, showed the exact
opposite trend of ETR_,, (Fig. 5). NPQ,,, was high-
est at 6 °C (5.69 £ 0.79) and significantly lower at 12 °C
(2.93 £ 0.10) at 0 nM Cu, but did not decrease any further
with increasing temperatures above 12 °C. As for ETR .,
NPQ,..« was affected by exposure to copper at the three
highest temperatures, but not at 6 °C, so that NPQ, .. was

max

higher at 1,000 nM copper than at 0 or 100 nM copper.

Discussion
The growth rate of adult F. serratus responded negatively

to low temperature (6 °C), but was not affected negatively
by the highest temperature used in the present experiment
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Fig. 2 Chlorophyll fluorescence parameters for adult F. serratus kept
at the various temperatures (°C) and copper concentrations. Top panel
shows maximum quantum efficiency (F/F,,); mid panel shows maxi-
mum electron transport rate (ETR,); bottom panel shows maximum
nonphotosynthetic quenching (NPQ,,.). Open bars (left) total copper
concentration (Cuy) 0 nM, hatched bars (center) total copper concen-
tration 100 nM, cross-hatched bars (right) total copper concentration
1,000 nM. Mean values £ 1 SE (n = 5) are shown. The total copper
concentrations correspond to 0, 42 and 422 nM free Cu**, respec-
tively
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Fig. 3 Relative germling survival at the various temperatures (°C)
and copper concentrations, employed in this work. Open bars (left)
total copper concentration (Cuy) 0 nM, hatched bars (center) total
copper concentration 100 nM, cross-hatched bars (right) total cop-
per concentration 1,000 nM. Mean values &+ 1 SE (n = 3) are shown.
The total copper concentrations correspond to 0, 42 and 422 nM free
Cu?*, respectively

(22 °C). The negative effect of heat stress on algal growth
that has been reported for many brown algal species
(e.g., Wiencke et al. 1994) was thus not seen in F. ser-
ratus. This may seem surprising, given that temperature
effects on fucoid algae have been documented in other
studies (Nygard and Dring 2008; Dethier and Williams
2009; Martinez et al. 2012), but these studies, in addi-
tion to interactions with other stressors, also indicated
seasonal variation in temperature responses, a factor not
included in the present study. The slow growth observed
at 6 °C must have been due to a general decline in meta-
bolic processes at low temperature, but it was not related
to a decrease in photosynthetic performance, measured as
chlorophyll fluorescence, since the chlorophyll fluores-
cence data were largely unaffected by temperature. This is
not in accordance with other studies showing temperature
effects on chlorophyll fluorescence parameters in fucoids
as well as in other macroalgae (e.g., Martinez et al. 2012;
Andersen et al. 2013), but may be related to seasonal or
genotypic variations. Exposure to the highest concentra-
tion of copper (1,000 nM) had a marked negative effect on
growth (50 % reduction) at 22 °C, although this effect was
only marginally significant (p = 0.088). The highest cop-
per concentration used in the present study corresponds
to that found in the most polluted harbors in the Baltic
Sea area (Pohl et al. 1993; Pohl and Hennings 1999), and
it is offsetting the positive effect of high temperature. In
contrast, copper had no apparent effect on F. serratus
growth at lower temperatures. This finding corresponds
to previous findings that adult F. serratus seem to have a
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Table 2 Resqlts of two- Source of variation SS df MS F ratio P
way, Randomized block
ANOVA testing the effects Survival rate
Tgfi‘;‘;ﬁg’;";ggglz;rﬁﬁer Temperature 0.063 3 0.021 14.455 0.006
concentration (3 levels: 0, Cu 0.011 2 0.005 10.678 0.025
100 and 1,000 nM) on various Temp x Cu 0.007 6 0.001 1.898 0.160
endpoints measured on juvenile Batch 0.027 2 0.014 22.891 No test
F. serratus
Temperature x batch 0.009 6 0.001 2.453 No test
Cu x batch 0.002 4 0.000 0.839 No test
Error 0.007 12 0.001
Growth rate (rhizoid elongation)
Temperature 6.792 x 10° 3 2.264 x 10° 16.248 0.003
Cu 3.137 x 10° 2 1.568 x 10° 372.510 <0.001
Temp x Cu 0.731 x 10° 6 0.122 x 10° 19.840 <0.001
Batch 0.582 x 10° 2 0.291 x 10° 47368 No test
Temperature x batch 0.836 x 10° 6 0.139 x 10° 22.678 No test
Cu x batch 0.017 x 10° 4 0.004 x 10° 0.685 No test
Error 0.074 x 10° 12 0.006 x 10°
Maximum quantum yield (F,/F,)
Temperature 32.131 x 1072 3 10.710 x 1072 96.541 <0.001
Cu 1.244 x 1072 2 0.622 x 1072 8.888 0.036
Temp x Cu 1.537 x 1072 6 0.256 x 1072 11.446 <0.001
Batch 0.139 x 1072 2 0.069 x 1072 3.096 No test
Temperature x batch 0.666 x 1072 6 0.111 x 1072 4.957 No test
Cu x batch 0.280 x 1072 4 0.070 x 1072 3.127 No test
Error 0.269 x 1072 12 0.022 x 1072
Maximum electron transport rate (ETR )
Temperature 459.890 3 153.300 21.954 0.011
Cu 242730 2 121.370 32.423 0.017
Temp x Cu 104.870 6 17.478 11.710 <0.001
Batch 15.108 2 7.554 5.061 No test
Temperature x batch 41.895 6 6.983 4.678 No test
Cu x batch 14.973 4 3.743 2.508 No test
Error 17.911 12 1.493
Nonphotochemical quenching (NPQ,,,..)
Temperature 74.665 3 24.888 74.985 <0.001
Cu 21.238 2 10.619 27.085 0.017
Temp x Cu 6.954 6 1.159 4.875 <0.001
Batch 1.715 2 0.857 3.606 No test
Temperature x batch 1.992 6 0.332 1.396 No test
Cu x batch 1.568 4 0.392 1.649 No test
Error 2.853 12 0.238

relatively high tolerance to heavy metal exposure (Nielsen
and Nielsen 2010).

A different pattern became, however, evident when we
tested how Fucus germlings responded to temperature
and exposure to copper. Germling survival was nega-
tively affected by the highest temperature, although the
survival rate only declined by 8-12 % compared with
the highest survival, which was found at 6 °C. Survival

rate was also significantly affected by the presence of
copper, but only at the highest concentration. This sup-
ports previous findings that the effect of environmental
stressors on Fucus germlings is temperature depend-
ent (Altamirano et al. 2003). Although the survival rate
declined with increasing temperatures, the growth rate
(rhizoid elongation) of the surviving germlings increased
threefold as the temperature was raised from 6 to 22 °C.
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Fig. 4 Germling rhizoid elongation in um at the various temperatures
(°C) and copper concentrations employed in this work. Open bars
(left) total copper concentration (Cuy) O nM, hatched bars (center)
total copper concentration 100 nM, cross-hatched bars (right)
total copper concentration 1,000 nM. Mean values + 1 SE (n = 3)
are shown. The total copper concentrations correspond to 0, 42 and
422 nM free Cu*, respectively

As previously documented in the literature (Anders-
son and Kautsky 1996; Steen and Rueness 2004; Fred-
ersdorf et al. 2009), germlings were more sensitive to
heavy metal exposure than adult specimens of F. serra-
tus, although they were only significantly affected by the
highest copper concentration used. While growth rates
increased by almost 300 % with increasing temperature
in the copper-free control, they did not vary significantly
with temperature at the highest copper concentration. The
negative effect of copper on germling growth observed
in this study is undoubtedly due to the direct negative
effect that copper has on cell division and elongation
(Bond et al. 1999), but our data also indicate that copper
had a negative effect on the photosynthetic performance
of the germlings (Fig. 5). The chlorophyll fluorescence
data showed patterns consistent with the observed vari-
ations in growth rates of Fucus germlings; the maximum
quantum yield was positively correlated to temperature,
indicating that low temperatures induce photostress in
the germlings, unlike what was found for adult individu-
als. Values for F/F, remained lower than for the adults
even at the highest temperature, which was also the case
for ETR,,,,, indicating that the photosynthetic machinery
was not being fully developed in germlings. F,/F,, and
ETR,,,, decreased, indicating induction of photostress,
and NPQ,,, increased with increasing copper concentra-
tions, which may have resulted from the generation of
ROS (Nielsen et al. 2003a). The reason we find a cou-
pling between photostress and reduced growth in ger-
mlings, but not in adults, is probably that germlings have
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Fig. 5 Chlorophyll fluorescence parameters for F. serratus germlings
at the various temperatures (°C) and copper concentrations. Top panel
shows maximum quantum efficiency (F\/F,,); mid panel shows maxi-
mum electron transport rate (ETR,,); bottom panel shows maximum
nonphotosynthetic quenching (NPQ,,,). Open bars (left) total copper
concentration (Cuy) 0 nM, hatched bars (center) total copper concen-
tration 100 nM, cross-hatched bars (right) total copper concentration
1,000 nM. Mean values £ 1 SE (n = 3) are shown. The total copper
concentrations correspond to 0, 42 and 422 nM free Cu?t, respec-
tively
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thin thalli, one cell layer thick, while the adults have a
thick thallus. It has previously been shown (Nielsen
and Nielsen 2005, 2008) that the thick thallus in fucoid
algae compensates for photostress in the uppermost cell
layers, where chlorophyll fluorescence is measured, as
cells deeper in the thallus increase their photosynthetic
rate when photosynthesis is reduced in the outmost cell
layers.

It is clear that the highest copper concentration used
here does have negative effects on survival, growth and
photosynthetic performance in F. serratus germlings and
that these negative effects are exacerbated with increasing
temperatures. However, it should also be kept in mind that
both growth rate and photosynthetic rates increased with
increasing temperatures even in germlings stressed most by
high copper concentration. This indicates that the increas-
ing temperature, at least partly, offsets the negative effects
of high copper concentrations. We hypothesize that the
high metabolic rate, associated with higher temperatures,
enhances detoxifying mechanisms and/or regeneration of
the photosynthetic system.

Our results show that early life history stages of F. ser-
ratus are more susceptible to environmental stressors than
adult specimens. This is probably a general pattern, not
only among fucoid algae, but in macroalgae in general
(Steen 2004a; Fredersdorf et al. 2009). Adult specimens
were not affected by exposure to copper (within the ranges
used in this experiment) and only slightly affected by the
temperatures that we exposed them to. This could lead to
the conclusion that F. serratus is not affected seriously by
anthropogenic pollution and ongoing climate changes. A
different picture emerged when germlings were considered;
these were more susceptible to contaminants and increas-
ing temperatures than the adult specimens. It is therefore
necessary to include early life stage responses in the assess-
ment of effects of environmental changes on fucoid algae—
and probably also other macroalgae—as only considering
fully developed adults specimens may lead to false conclu-
sions. We argue that growth and survival are meaningful
parameters for the assessment of effects of environmental
stress on organisms, but also that chlorophyll fluorescence
may be used as a sensitive, early warning, tool indicating
the onset of environmental stress on a physiological level
(Baumann et al. 2009) and should therefore be included in
studies on the effects of environmental stressors on photo-
synthetic organisms.
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