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native kelps. The abilities to cope with a wide range in abi-
otic factors and to thrive in estuarine conditions might con-
tribute to higher competitive strength compared to native 
kelps leading to its invasion success, especially with regard 
to ocean warming.

Introduction

The introduction of species into new habitats is a phe-
nomenon of growing ecological and economical concern 
(Ruiz et al. 1997; Kolar and Lodge 2001; Perrings et al. 
2002). As an outcome of global trade, transportation and 
tourism, the connectivity of previously isolated ecosys-
tems is rapidly increasing and therefore facilitating the 
introduction of non-indigenous species (NIS) in marine 
environments (Carlton and Geller 1993; Carlton 1995). In 
addition, world aquaculture production has dramatically 
increased in the past decade, including the annual harvest-
ing of 25 million tonnes of seaweed and algae (FAO 2014). 
As a consequence, aquaculture is now regarded as one of 
the main vectors for the introduction of NIS (Welcomme 
1992).

The immense ecological importance of species inva-
sions is reflected by a growing body of the literature (Kolar 
and Lodge 2001; Lowry et al. 2013), and seaweeds repre-
sent a considerable proportion (up to 38 %) of marine NIS 
(Schaffelke et al. 2007). An introduced species is not nec-
essarily an “invasive” species unless it has an impact on 
the community, ecosystem or economy (Davis and Thomp-
son 2000, 2002). Under such conditions, the invader may 
substantially affect structure and function of the indig-
enous community (Ruiz et al. 1999; Williams and Smith 
2007). Predicting future invasions, as well as understand-
ing conditions, vectors and traits that facilitate successful 
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synthetic quantum yield in most treatments, with a negative 
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establishment are current challenges to invasion research 
(Carlton 1996; Byers et al. 2002).

Invasive seaweeds tend to exhibit both, rapid growth 
rates and the ability for short- and long-distance dispersal 
(Valentine et al. 2007; Andreakis and Schaffelke 2012). A 
prominent example of the detrimental impact of invasive 
seaweeds is the introduction of the siphonous chlorophyte 
Caulerpa taxifolia in the Mediterranean (Meinesz et al. 
1993, 2001), which was associated with a marked loss 
in biodiversity at the infested sites (Boudouresque et al. 
1995). Worldwide, 407 seaweed introduction events have 
been recorded so far, encompassing 277 different species 
(Williams and Smith 2007).

Listed among the “100 worst alien species” (Lowe et al. 
2000) the invasive Asian kelp Undaria pinnatifida (Harvey) 
Suringar (Laminariales) has been introduced to many coast-
lines worldwide, including different countries in Europe, 
New Zealand, Australia, Argentina, California and Mexico 
(ICES 2007 and references therein). In Europe, U. pin-
natifida was first observed in 1971 (Etang de Thau, France) 
after its accidental introduction with imported oysters from 
Japan (Perez et al. 1981) and as a target species of aqua-
culture activities was deliberately established in other areas 
(Floc’h et al. 1991; ICES 2007). In New Zealand, the inva-
sive kelp most likely arrived with international shipping 
(Hay and Luckens 1987). The vegetative gametophytes of 
U. pinnatifida are capable of surviving extended periods of 
darkness (tom Dieck 1993) and exhibit a broad temperature 
tolerance (tom Dieck 1993; Henkel and Hofmann 2008), 
enabling the kelp to be transported over long distances in 
ballast water tanks. Furthermore, sporophytes of U. pinnati-
fida might reach new habitats as fouling organisms on hulls 
of vessels (Hay 1990; Farrell and Fletcher 2004). From its 
initial introduction sites U. pinnatifida most likely spreads 
naturally through spore dispersal or drifting sporophytes, as 
observed along the New Zealand coast (Forrest et al. 2000).

Globally, ecological concerns are associated with the 
establishment of U. pinnatifida in new environments as 
it potentially competes with native seaweed species for 
habitat space and light (Curiel et al. 1998; Farrell and 
Fletcher 2006). Consequently, U. pinnatifida was observed 
to monopolize space (Battershill et al. 1998) and cause 
decreases in native seaweed density and diversity (Casas 
et al. 2004). Differences in the associated fauna and feeding 
preferences of native grazers might induce further altera-
tions to natural community composition and impact trophic 
relationships (Raffo et al. 2009; Jiménez et al. 2015). In 
Argentina, a significant decrease in fish abundance was 
observed in some reefs covered by U. pinnatifida (Irigoyen 
et al. 2011a), and serious economical concerns may arise 
if commercial species are affected (Orensanz et al. 2002). 
However, the extent and type of effect may be community 
or regionally dependent. Irigoyen et al. (2011b) suggested 

an increase in prey abundance due to the provision of a 
structurally complex habitat by U. pinnatifida.

Invasive species are generally believed to be more tol-
erant to changing abiotic factors than natives (Zerebecki 
and Sorte 2011). Physiological tolerance to environmental 
conditions, such as temperature and salinity, determines 
the geographic distribution of many species (Crain et al. 
2004; Bozinovic et al. 2011) and regulates invasion suc-
cess (Levine 2008). To adapt to the projected changing cli-
matic conditions, i.e. rising surface temperature and ocean 
acidification (IPCC 2014), broad physiological tolerance 
might be advantageous (Dukes and Mooney 1999). Com-
pared to invasive species within the same habitat, less toler-
ant natives are suggested to be disproportionally negatively 
affected by the impacts of climate change (Sorte et al. 
2010; Zerebecki and Sorte 2011). Competitive interactions 
between native and invasive species may also be affected 
due to alterations in physiological optima and limited 
resource availability (Dukes and Mooney 1999; Occhipinti-
Ambrogi 2007).

Relatively few studies have assessed the comparative 
tolerance of native and invasive seaweed species. A study 
by Liu and Pang (2010) demonstrated that the invasive 
Grateloupia turuturu was more tolerant to changing envi-
ronmental conditions than the morphologically similar non-
invasive Palmaria palmata. Similarly, high resistance to 
sedimentation, desiccation and varying nutrient conditions, 
enabled the non-native red alga Gracilaria vermiculophylla 
to dominate a lagoon environment (Thomsen et al. 2006).

Photosynthetic quantum yield and antioxidative poten-
tial are commonly used as proxies for comparative stress 
susceptibility (Maxwell and Johnson 2000; Arora et al. 
2002). Based on species-specific stress tolerance predic-
tions can be made on inter-specific competition and the 
potential for future establishment and range expansion.

In this study, we compare species-specific physiological 
traits under combinations of varying temperature and salin-
ity regimes of the invasive U. pinnatifida and two native 
New Zealand kelps in order to assess differences in stress 
tolerance and competitive strength. Our specific aim was 
to investigate how abiotic stress is reflected in photophysi-
ological and biochemical properties of different kelps. We 
hypothesized that U. pinnatifida would be more tolerant to 
different experimental conditions, which might provide a 
competitive advantage for its future distribution.

Materials and methods

Study site and kelp species

Specimens of the invasive U. pinnatifida and two 
native kelps (Ecklonia radiata (C. Agardh) J. Agardh, 
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Laminariales; Lessonia variegata J. Agardh, Laminari-
ales) were collected from Tauranga Harbour, New Zea-
land (37°38′S, 176°10′E) in October 2014. Average sur-
face water temperatures in the harbour range from about 
15 °C in August and September up to 20–22 °C in February 
(Chappell 2013; MetOcean View). Seawater salinities in 
some parts of the harbour might be reduced down to 2.5–5 
SA following a freshwater inflow event from Wairoa River 
(Pritchard et al. 2009) but at the collection site salinities are 
above 32.5 SA.

In New Zealand, U. pinnatifida grows at the mean low-
water line (Hay and Luckens 1987; Curiel et al. 1998) as 
well as in intertidal rock pools (Russell et al. 2008), but 
may also be present down to 15 m water depth (Saito 1975; 
Hay and Villouta 1993). E. radiata and L. variegata might 
occur on a vertical range from 0 to 20 m, but show highest 
abundances in intermediate depths (E. radiata: 4–10 m; L. 
variegata: 3–15 m) (Schiel 1990; Schiel and Nelson 1990).

Sampling and Experimental Set‑Up

Thallus discs of five individuals per species were cut from 
the median part of the blade using a 2.05-cm diameter 
cork-borer. For U. pinnatifida, discs were taken proximal 
to the midrib, at least 20 cm above the sporophyll and 
10 cm below the distal thallus end. A total of at least 400 
discs were cut from each species (approximately 80 discs 
per individual). All vegetative blade discs were carefully 
cleaned, removing epibiota. To allow for recovery from the 
cutting process and for acclimation to culture conditions 
seaweed discs (separated by species) were cultivated under 
constant bubbling in seawater (15 °C) for 24 h prior to the 
experimental exposure. Experimental treatments were set-
up in temperature-controlled incubators at four tempera-
tures (5, 15, 20 and 25 °C). Temperatures were chosen to 
replicate mean summer (20 °C) and winter (15 °C, ambi-
ent water temperature at the collection time) water tem-
peratures in the harbour. The 5 and 25 °C treatments were 
selected in order to test temperatures close to minimal and 
maximal extremes from the literature. Upper critical tem-
peratures recorded for U. pinnatifida sporophytes from lab-
oratory studies range from 22–27 °C (Morita et al. 2003; 
Gao et al. 2013) suggesting that 25 °C might induce tem-
perature stress for the specimens. E. radiata is considered 
to be a warm-temperate species; however, studies investi-
gating thermal tolerance of its sporophytes are scarce. The 
optimal temperature range of E. radiata gametophytes lies 
somewhere between 12 and 20 °C (Novaczek 1984), while 
the upper thermal limit was detected to be 27–28 °C (tom 
Dieck 1993). Salinities (absolute salinity, SA) (6, 12, 18, 
24, 33 SA) were obtained by dilution of 1-µm filtered sea-
water with distilled (reverse osmosis) water. 33 SA refers 
to ambient seawater salinity at the sampling site, reduced 

salinities correlate with salinities that might occur inside 
Tauranga Harbour due to riverine input following rainfall 
events (Pritchard et al. 2009).

Three flasks were prepared for each temperature–salin-
ity combination (one for each species), prior to the addition 
of 20 monospecific kelp discs. We consider each single disc 
as a replicate. Discs were maintained in 300 mL of medium 
continuously bubbled with air in 70–80 µmol m−2 s−1 
photon irradiance on a 12:12-h light cycle throughout the 
experimental exposure. Discs for biochemical analyses 
(pigment and antioxidant analysis) were stored at −80 °C 
after 10 d of exposure for later processing. When no pho-
tosynthetic signal was detected from the kelp discs, storage 
for biochemical analyses was accomplished on the specific 
experimental day. Levels of replication for each analysis 
are explained below.

Photosynthetic parameters

Chlorophyll (Chl) a fluorescence parameters (Fv/Fm, maxi-
mum quantum yield) were recorded after 1, 3, 6 and 10 d of 
experimental exposure using a pulse amplitude-modulated 
fluorometer (DivingPAM; Walz, Effeltrich, Germany). Ten 
randomly selected kelp discs (replicates) from each treat-
ment were assessed after dark adaption (5 min). For the 
generation of photosynthesis versus irradiance curves (PE 
curves), three kelp discs for each treatment were exposed 
to a series of gradually increasing actinic irradiances at 
30-s intervals 10 d after the initial exposure. The position 
of the fibre optic was held constant during the measure-
ment procedure using “Magnet Sample Holders DIVING-
MLC” (Walz). Relative electron transport rate (ETR) was 
calculated from PE curves as described by Schreiber et al. 
(1994). Subsequently, maximum electron transport rate 
(ETRmax) was defined by PE curve fitting after Jassby and 
Platt (1976).

Pigment analysis

Pigment analysis was performed in quintuplicate for each 
experimental treatment. Deep-frozen kelp discs were lyo-
philized for 24 h and pulverized at 4 m s−1 for 20 s in a 
high-speed benchtop homogenizer (FastPrep®-24; MP Bio-
medicals, Solon, OH, USA). Pigments were extracted from 
the resulting seaweed powder in 1.5 mL of 90 % acetone 
for 24 h at 4 °C in darkness. Samples were vortexed and 
centrifuged (5 min, 4 °C, 16,000 g) before the supernatant 
was filtered through a cellulose acetate (CA) membrane fil-
ter (45 µm). Pigments were analysed by high-performance 
liquid chromatography (HPLC) on a LaChromElite® sys-
tem equipped with a chilled autosampler L-2200 and a 
DAD detector L-2450 (VWR-Hitachi International GmbH, 
Darmstadt, Germany). A reversed phase Spherisorb ODS-2 
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column (25 cm × 4.6 mm, 5 µm particle size; Waters, Mil-
ford, MA) was used for the separation of pigments accord-
ing to the method described by Wright and Jeffrey (1997) 
using the modified procedure for the Spectra Physics sys-
tem. Pigments were identified by co-chromatography with 
pigment standards for Chl a, Chl b, lutein, antheraxan-
thin, zeaxanthin, violaxanthin, neoxanthin and β-carotene 
obtained from DHI Laboratory Products (Hørsholm, 
Denmark) using the software EZChrom Elite ver. 3.1.3. 
Chl a concentration is expressed in relation to thallus dry 
weight (DW) (µg Chl a mg−1 DW). Pool size of xantho-
phyll cycle pigments (∑VAZ) was calculated from the sum 
of concentrations of xanthophylls involved in the cycle 
(∑VAZ = violaxanthin + antheraxanthin + zeaxanthin) 
and is expressed in relation to Chl a concentration (µg µg−1 
Chl a).

Antioxidant activity

DPPH (2,2-diphenyl-1-picrylhydrasyl) radical scaveng-
ing activity was determined using modified protocols of 
Brand-Williams et al. (1995) and Cruces et al. (2012) for 
five replicate kelp discs per treatment. Deep-frozen sea-
weed discs were freeze-dried and pulverized at 4 m s−1 for 
20 s in a high-speed benchtop homogenizer (FastPrep ®-
24; MP Biomedicals, Solon, OH, USA). Antioxidants were 
extracted from the samples (approximately 10 mg DW) 
in 5 mL of 70 % acetone for 24 h under constant shaking 
at 4 °C in darkness. After centrifugation (5 min, 500 rpm, 
4 °C), 22 µL of the supernatant of each sample was mixed 
with 200 µL DPPH solution (150 µM prepared in 100 % 
ethanol) in a 96-well microtiter plate (trifold determination 
for each replicate). Absorbance was measured at 520 nm 
after 45 min, when the reaction was finished, employing 
a photometer and the software FLUOstar OPTIMA (FLU-
Ostar OPTIMA, BMG Labtech, Ortenberg, Germany). 
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carbox-
ylic acid) was used as a standard, activity of the antioxidant 
pool is expressed as µg Trolox equivalents (TE) per dry 
weight (µg TE mg−1 DW).

Statistics

All statistical analyses were conducted using the statistic 
programme “R” (R Development Core Team 2008). Multi-
factorial analyses of variance (ANOVA) were applied to 
assess the impact of experimental factors on the respective 
variable. Since the assumption of normally distributed data 
was not met, nonparametric statistical analyses accord-
ing to Brunner and Munzel (2013) were applied involv-
ing replacement of variable values by ranks prior to the 
ANOVA.

For each experimental variable, the general dependence 
on factors was approached employing a four-way ANOVA 
(variable: Fv/Fm; factors: species, measurement day, tem-
perature and salinity) and three-way ANOVAs (variable: 
ETRmax, Chl a concentration, ∑VAZ, TE; factors: species, 
temperature, salinity), respectively. Significant interactions 
between specific factors were encountered for all analyses 
indicating a combined effect of these factors on the experi-
mental variable. However, as the interpretation of main 
effects may be incomplete or misleading in the presence of 
significant interactions, testing “simple effects” of one fac-
tor at a fixed level of another factor is a common follow-up 
method in the case of significant interactions (Keppel and 
Wickens 2004). Therefore, a three-way ANOVA (variable: 
Fv/Fm; factors: measurement day, temperature and salin-
ity) and two-way ANOVAs (variables: ETRmax, Chl a con-
centration, ∑VAZ, TE; factors: temperature, salinity) were 
applied separately for each kelp species. In presence of sig-
nificant interactions differences between cell means were 
tested in a one factorial design (simple effects). Therefore, 
levels of two factors were combined before applying a one-
way ANOVA (factor: temperature_salinity). When high 
numbers of factor levels made this procedure inappropriate 
due to extremely low α-errors, a graphical comparison of 
cell means was accomplished.

In order to detect inter-specific differences in ambient 
conditions (15 °C, 33 SA), a one-way ANOVA (variables: 
Fv/Fm, ETRmax, Chl a concentration, ∑VAZ, TE; factor: 
species) was applied for each experimental variable at the 
specific factor levels.

For post hoc analyses, Tukey’s honest significant differ-
ence (HSD) test was applied. Significant differences between 
group means are denoted by different lower cases for tem-
perature, capital letters for salinity and italic small letters for 
the combined factor (temperature_salinity) in the text.

Results

Photosynthetic parameters

Significant interactions between factors were detected by 
the four-way ANOVA and the three-way ANOVAs for each 
species indicating that the impact of one factor on photo-
synthetic quantum yield depended on the level of another 
factor (Table 1). Due to the high number of factor levels, 
a graphical comparison of cell means was accomplished. 
Photosynthetic quantum yield of U. pinnatifida was sus-
tained on a high level after one day of experimental expo-
sure and was only impacted by the combination of highest 
temperature (25 °C) and low salinities (12, 6 SA) (Fig. 1). 
Similar patterns were observed on day 3, 6 and at the end of 
the experimental exposure (day 10) when no photosynthetic 
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signal could be detected for the aforementioned treatments. 
Contrasting this, photosynthetic quantum yield of E. radiata 
drastically decreased over the experimental duration. Speci-
mens of E. radiata disintegrated or did not exhibit measur-
able photosynthetic signals in salinities down from 18 SA 
in all temperatures except for the 5 °C treatment after 10 
d of exposure. Similarly, only one day after the start of the 
experimental exposure, a reduction of 84 % was evident for 
the photosynthetic quantum yield of L. variegata in 25 °C 
and 6 SA compared to the photosynthetic yield measured 
in ambient conditions (15 °C, 33 SA). By day 6, no photo-
synthetic quantum yield could be measured in any of the L. 
variegata specimens in 25 °C and the yield of individuals in 
20 °C was considerably reduced by up to 70 %. 

Maximum electron transport rate (ETRmax) ranged from 
23.56 (E. radiata, 5 °C, 12 SA) to 109.97 μmol e− m−2 s−1 
(E. radiata, 5 °C, 33 SA) (Table 2). Due to significant inter-
actions between factors (species and salinity) in the three-
factorial analysis (Table 3) separate two-way ANOVAs 
were accomplished for each species. Two-way ANOVA for 
U. pinnatifida detected a significant interaction between 
temperature and salinity. Subsequent one-way ANOVA for 

simple effects (F(15/38) = 3.01, p < 0.01) indicated differ-
ences between cell means. ETRmax values were observed to 
decrease with increasing temperatures in ambient seawater 
salinity (33 SA) resulting in a reduction of ETRmax of 22 % 
in 25 °C compared to ambient water temperature (15 °C). 
However, this pattern was not statistically significant (HSD 
test for simple effects: 5 °C ab, 15 °C ab, 20 °C no data 
available (NA), 25 °C b). ETRmax values of U. pinnatifida 
describe an optimum curve along the experimental salini-
ties in 5 °C with the highest value of ETRmax occurring 
in 24 SA (104.5 μmol e− m−2 s−1) (HSD test for simple 
effects: 33 SA ab, 24 SA a, 18 SA ab, 12 SA ab, 6 SA ab). 
The same pattern, but less pronounced, was indicated for 
L. variegata in 5 °C with the highest ETRmax value at 24 SA 
(88.48 μmol e− m−2 s−1). However, the effect of salinity 
on ETRmax was not statistically significant for L. variegata. 
Temperature impacted ETRmax of L. variegata with high-
est ETRmax occurring in 5 °C (HSD test: 5 °C a, 15 °C b, 
20 °C ab, 25 °C NA). Two-way ANOVA detected no effect 
of temperature on ETRmax of E. radiata; however, ETRmax 
significantly varied with salinity. The lowest measured 
value of ETRmax occurred in 5 °C and 12 SA (23.6 µmol 

Fig. 1  Means (± SD, n = 10) of photosynthetic quantum yield (Fv/
Fm) of three kelp species (Undaria pinnatifida, Ecklonia radiata, 
Lessonia variegata) exposed to various temperatures (5, 15, 20 and 

25 °C) and salinities (33, 24, 18, 12 and 6 SA) measured after 1, 3, 6 
and 10 days of experimental exposure
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e− m−2 s−1) but HSD test did not detect significant differ-
ences between temperature means. 

Pigment analysis

Three-way ANOVA detected significant interactions 
between factors (species, temperature and salinity) for the 
Chl a concentration per dry weight (Table 3). Chl a concen-
tration at ambient conditions (15 °C, 33 SA) was highest in 
U. pinnatifida (one-way ANOVA: F(2/14) = 4.53, p = 0.03) 
exhibiting 2-fold concentrations compared to native kelps 
(Fig. 2).

The two-way ANOVA detected a significant interac-
tion between factors for U. pinnatifida. Subsequent one-
way analysis of simple effects (F(18/65) = 5.24, p < 0.001) 
and HSD test detected differences in Chl a concentration 
between temperatures with highest Chl a concentrations 
occurring in 5 °C, except for the 24 SA-treatment where 
no differences between temperatures were indicated. At 
ambient levels of seawater salinity, a distinct pattern of 
decreasing Chl a concentration with increasing tempera-
ture was apparent for U. pinnatifida (HSD test for simple 
effects: 5 °C a, 15 °C ab, 20 °C ab, 25 °C b) with a reduc-
tion of 38 % in Chl a content in 25 °C compared to the 
5 °C-temperature treatment. A high rate of disc disintegra-
tion occurred in the combination of 25 °C and low salini-
ties (12, 6 SA). Both factors, temperature and salinity, sig-
nificantly influenced Chl a content of native kelp species 
as displayed by the results of the two-way ANOVA. Chl a 
content of L. variegata displayed a continual decrease with 
decreasing salinities (HSD test: 33 SA A, 24 SA B 18 SA 
B, 12 SA B, 6 SA C), exhibiting an averaged reduction of 
58 % from ambient seawater salinity to the lowest experi-
mental salinity treatment. Highest Chl a concentration for 
L. variegata was detected in 15 °C, lowest concentration in 

25 °C (HSD test: 5 °C ab, 15 °C a, 20 °C ab, 25 °C b). No 
clear pattern could be identified for the Chl a content of E. 
radiata, the highest value being 235 µg Chl a mg−1 DW 
(25 °C, 18 SA).

Significant interactions between factors (species, tem-
perature and salinity) were detected for ∑VAZ (Table 3). 
In ambient conditions (15 °C, 33 SA), no difference in 
∑VAZ was detected between species (one-way ANOVA: 
F(2/14) = 2.46, p = 0.12). A significant effect of temperature 
and salinity on ∑VAZ was identified for U. pinnatifida and 
E. radiata (two-way ANOVA). ∑VAZ was continuously 
reduced with decreasing salinities for the invasive kelp 
(HSD test: 33 SA A, 24 SA AB, 18 SA AB, 12 SA AB, 6 
SA B) and E. radiata (HSD test: 33 SA A, 24 SA B, 18 SA 
AB, 12 SA B, 6 SA B), displaying an average reduction of 
21 % and 42 % in 6 SA compared to 33 SA, respectively 
(Table 4). ∑VAZ of E. radiata was highest in 5 °C treat-
ments (HSD test: 5 °C a, 15 °C b, 20 °C b, 25 °C b). For L. 
variegata, the two-way ANOVA detected significant inter-
actions between factors. One-way ANOVA (F(19/75) = 7.32, 
p < 0.001) indicated differences between cell means and 
subsequent HSD test for simple effects detected highest 
∑VAZ for L. variegata in 5 and 15 °C (33 SA). In 25 °C, 
∑VAZ of L. variegata was reduced compared to the ambi-
ent water temperature.

Antioxidant activity

Detected antioxidant values ranged from 7 to 54 µg TE 
mg−1 DW (Fig. 3). Three-way ANOVA identified signifi-
cant interactions between all factors (species, temperature 
and salinity) (Table 3). L. variegata exhibited the low-
est antioxidant concentrations in relation to thallus dry 
weight (one-way ANOVA: F(2/11) = 17.18, p < 0.001), 
49 % and 58 % lower compared with U. pinnatifida and 

Table 2  Means (± SD, n = 3) of maximum electron transport 
rate (ETRmax) of three kelp species (Undaria pinnatifida, Ecklonia 
radiata, Lessonia variegata) exposed to various temperatures (5, 15, 

20 and 25 °C) and salinities (33, 24, 18, 12 and 6 SA) determined 
after 10 days of experimental exposure

Details on statistical analyses and results are given in the text

ETRmax (µmol e− m−2 s−1) Salinity (SA)

33 24 18 12 6

Undaria pinnatifida 5 °C 64.3 ± 8.1 104.5 ± 13.9 78.0 ± 10.0 63.3 ± 7.8 51.2 ± 7.7

15 °C 52.8 ± 8.7 54.72 ± 5.9 45.6 ± 22.9 63.6 ± 28.9 67.6 ± 14.6

20 °C 92.7 ± 5.3 65.3 ± 5.2 100.5 ± 40.8 64.5 ± 15.3

25 °C 41.2 ± 9.3 46.7 ± 32.8

Ecklonia radiata 5 °C 110.0 ± 19.1 74.7 ± 27.4 85.7 23.6 ± 17.7 48.3 ± 5.8

15 °C 53.5 ± 26.0 56.5 ± 30.7

Lessonia variegata 5 °C 71.8 ± 10.3 88.5 ± 41.9 82.0 ± 7.0 81.5 ± 9.4 49.4 ± 42.6

15 °C 45.8 ± 6.5 51.3 ± 4.3 53.6 ± 6.1 34.3 ± 8.0

20 °C 65.7 ± 5.2
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E. radiata, respectively (15 °C, 33 SA). Two-way ANO-
VAs for each species identified interactions between fac-
tors (temperature and salinity) and differences between 
cell means were indicated when testing for simple effects 
(U. pinnatifida: F(19/68) = 7.93, p < 0.001, E. radiata: 
F(18/59) = 6.36, p < 0.001, L. variegata: F(19/75) = 9.68, 
p < 0.001). The antioxidant pool of U. pinnatifida revealed 
the least reductions over the range of experimental condi-
tions. Average antioxidant pool size of U. pinnatifida dis-
played a distinct optimum curve for temperature at each 

salinity level, except for the 6 SA treatment, with highest 
pool sizes occurring in 15 °C. This pattern was, however, 
not statistically significant (HSD test for simple effects). 
HSD test of simple effects indicated consistently decreas-
ing antioxidant pool size with lower salinities for U. pin-
natifida, exhibiting 29 % reduction in 6 SA compared to 
ambient seawater salinity. However, the antioxidant pool 
of U. pinnatifida was never depleted. Antioxidant levels of 
E. radiata and L. variegata displayed dramatic decreases. 
The combination of low salinities (18–6 SA) and elevated 

Table 3  Summary of the multi-factorial analyses of variance (ANOVA) for maximum electron transport rate (ETRmax), chlorophyll a content, 
xanthophyll pool size (∑VAZ) and antioxidant capacity (Trolox equivalents, TE)

aov ANOVA, 3f three-factorial analysis, 2f two-factorial analysis, DW dry weight. Factor degree of freedom and residual degree of freedom for 
the F value are displayed in parentheses

Significant interactions are presented for each analysis, Sp species, T temperature, S salinity

Variables aov Factors Interactions

Species Temperature Salinity

F value p value F value p value F value p value

ETRmax
(μmol e− m−2 s−1)

3f (2/66)
0.172

0.84 (3/66)
9.81

<0.001 (4/66)
2.01

0.10 Sp x S: F(8/66) = 3.11, p = 0.004

U. pinnatifida 2f (3/38)
6.67

<0.001 (4/38)
1.64

0.18 T x S: F(8/38) = 2.32, p = 0.04

E. radiata 2f (1/14)
2.60

0.12 (4/14)
4.21

0.02

L. variegata 2f (2/14)
13.05

<0.001 (4/14)
1.88

0.17

Chlorophyll a content
(µg Chl a mg−1 DW)

3f (2/212)
169.13

<0.001 (3/212)
4.97

<0.01 (4/212)
1.56

0.19 Sp x T: F(6/212) = 6.10, p < 0.001
Sp x S: F(8/212) = 8.87, p < 0.001
T x S: F(12/212) = 1.89, p = 0.04

U. pinnatifida 2f (3/65)
19.43

<0.001 (4/65)
0.70

0.60 T x S: F(11/65) = 3.02, p = 0.002

E. radiata 2f (3/71)
4.85

<0.01 (4/71)
5.18

<0.01

L. variegata 2f (3/76)
3.30

0.02 (4/76)
16.71

<0.001

∑VAZ
(µg µg−1 Chl a)

3f (2/206)
113.43

<0.001 (3/206)
24.98

<0.001 (4/206)
18.38

<0.001 Sp x T: F(6/206) = 8.23, p < 0.001
T x S: F(12/206) = 2.46, p 0 0.005
Sp x T x S: F(21/206) = 2.02, p = 0.006

U. pinnatifida 2f (3/62)
3.98

0.01 (4/62)
3.29

0.02

E. radiata 2f (3/69)
16.35

<0.001 (4/69)
8.17

<0.001

L. variegata 2f (3/75)
20.20

<0.001 (4/75)
7.15

<0.001 T x S: F(12/75) = 4.15, p < 0.001

Trolox equivalents
(µg TE mg−1 DW)

3f (2/202)
347.08

<0.001 (3/202)
25.73

<0.001 (4/202)
25.83

<0.001 Sp x T: F(6/202) = 16.95, p < 0.001
Sp x S: F(8/202) = 2.66, p = 0.008
T x S: F(12/202) = 4.21, p < 0.001
Sp x T x S: F(23/202) = 3.19, p < 0.001

U. pinnatifida 2f (3/68)
22.23

<0.001 (4/68)
12.51

<0.001 T x S: F(12/68) = 1.96, p = 0.04

E. radiata 2f (3/59)
16.23

<0.001 (4/59)
7.84

<0.001 T x S: F(11/59) = 3.14, p = 0.002

L. variegata 2f (3/75)
29.56

<0.001 (4/75)
12.83

<0.001 T x S: F(12/75) = 3.67, p < 0.001
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temperatures (20, 25 °C) completely exhausted antioxidant 
levels in L. variegata. Average antioxidant pool size was 
reduced by 72 % for L. variegata and 53 % for E. radiata 
in the lowest salinity treatment compared with ambient 
seawater salinities. For the two native kelps HSD test for 
simple effects indicated the most resilient antioxidant pool 
in 5 °C, antioxidant levels were entirely depleted in L. var-
iegata in 25 °C.

Discussion

Species‑specific physiological response

Displaying least reductions in photosynthetic quantum 
yield, as a proxy of plant stress, the invasive U. pinnati-
fida was more tolerant to the various experimental condi-
tions applied in this study than the investigated native kelp 
species. Each single experimental factor, temperature and 
salinity, did not impact photosynthetic quantum yield; how-
ever, the combined effects of highest temperature and low 
salinity treatments affected the performance of U. pinnati-
fida specimens. The deleterious effect of several combined 
stress factors most often exceeds the simple additive effect 
of their single action, an effect known as “cross-synergism” 
(Alexieva et al. 2003). However, a reduction in maxi-
mum electron transport was observed as a consequence of 
elevated temperatures for U. pinnatifida. Thus, high tem-
peratures affected photosynthetic rates but did not affect 
efficiency of photosystem II (PSII) or survival of U. pin-
natifida. In contrast, specimens of the endemic L. variegata 
were strongly impacted by elevated temperatures display-
ing no photosynthetic signal and massive disintegration in 
25 °C.

Most striking differences in the physiological reac-
tion to abiotic factors between kelp species occurred with 
measured antioxidant capacity in this study. While pool 
size of the invasive kelp was most resilient and never 
depleted, drastic reductions were detected for the two 
native kelps in response to the experimental conditions. 
New Zealand’s endemic L. variegata displayed complete 
exhaustion of antioxidants in 25 °C as well as in the com-
bination of low salinities (18–6 SA) and various tempera-
tures (15, 20, 25 °C). Exhausted antioxidant levels indi-
cate the occurrence of oxidative stress and the generation 
of reactive oxygen species (ROS), potentially leading 
to inhibition and destruction of the photosynthetic appa-
ratus, DNA, proteins and cell membranes (Kumar et al. 
2014). The availability of antioxidants is a crucial defence 
mechanism to protect from cellular damage (Burritt et al. 
2002). Therefore, high antioxidant levels are suggested to 
represent a physiological adaption (Kumar et al. 2014) to 
extreme environmental conditions, such as those occurring 
in elevated shore habitats. Consistently, higher antioxidant 
levels have been detected in intertidal macroalgae com-
pared to subtidal species (Ross and Van Alstyne 2007). 
Thus, the resilient antioxidant pool of U. pinnatifida, 
observed in this study might promote its tolerance against 
various physico-chemical stresses, such as temperature 
and salinity alterations.

L. variegata displayed high susceptibility to elevated 
experimental temperatures (25 °C). Rapid exhaustion of its 
antioxidant pool in 25 °C is consistent with high sensitivity 

Fig. 2  Tissue chlorophyll (Chl) a concentrations (boxplots, n = 5) 
of Undaria pinnatifida, Ecklonia radiata and Lessonia variegata 
exposed to various temperatures (5, 15, 20 and 25 °C) and salinities 
(33, 24, 18, 12 and 6 SA) after 10 days of experimental exposure. 
Chlorophyll a concentration is expressed in relation to thallus dry 
weight (DW). Bottom and top of the boxes in the plot depict the first 
and third quartiles, respectively. The median is represented by the 
band inside the box. The ends of the whiskers are designed to show 
minimum and maximum values still within 1.5 × Interquartile range 
(IQR) of the lower and upper quartiles. Values outlying these ranges 
are displayed by single dots. Details on statistical analyses and results 
are given in the text
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to elevated temperatures displayed by the photosynthetic 
quantum yield. Additionally, reduced chlorophyll a con-
centration and xanthophyll pool size in 25 °C confirm the 
negative impact of elevated water temperatures on the 
physiological condition of L. variegata. Data on salinity 
and temperature tolerance for L. variegata is scarce. How-
ever, Nelson (2005) tested sporophyte growth of L. varie-
gata at three temperatures (10, 12 and 15 °C) and detected 
highest growth rates in 15 °C. Our results of photosynthetic 
quantum yield, chlorophyll a concentration and antioxi-
dant capacity demonstrate higher susceptibility to reduced 
salinities in 20 °C compared to 15 °C, suggesting an opti-
mum physiological performance of L. variegata in 15 °C. 
Our observations, however, indicate that 25 °C exceeds the 
tolerance limit of L. variegata sporophytes.

In ambient seawater salinity, the physiological condition 
of E. radiata was not impacted by experimental tempera-
tures. However, reduced salinities impacted all investigated 
parameters in E. radiata. Drastically reduced photosyn-
thetic quantum yield as well as impacted antioxidant and 
pigment concentrations indicate that low salinities down 
from 18 SA induce stress in E. radiata sporophytes. This is 
consistent with Burridge et al. (1999), who observed zoo-
spore germination and gametophyte growth of E. radiata to 
be negatively impacted by reduced salinities. In the lowest 
temperature treatment E. radiata displayed the most resil-
ient photosynthetic quantum yield and antioxidant concen-
tration in reduced salinities, suggesting that it exhibits the 
highest acclimation potential in 5 °C.

Tolerance to salinity changes is one critical factor 
for vertical distribution limits of seaweed species in the 

intertidal zone (Kumar et al. 2014). From studies on dif-
ferent algal species, hyposaline conditions are known to 
influence growth (Bjærke and Rueness 2004), water con-
tent (Luo and Liu 2011), photosynthetic activity and chlo-
rophyll a concentrations (Karsten 2007), respiration rates 
(Ogata and Takada 1968) as well as carbon and nitrogen 
metabolism (Kakinuma et al. 2006). In our study, reduced 
salinities did not limit survival or markedly impact chlo-
rophyll a concentration and photosynthetic quantum yield 
of U. pinnatifida. However, reduced antioxidant levels 
and xanthophyll pool sizes reflected the potential genera-
tion of ROS as consequence of low salinities. While zoo-
spores of U. pinnatifida germinated in salinities down to 8 
SA (Bite 2001) and microscopic gametophytes remain via-
ble at salinities as low as 6 SA (Peteiro and Sánchez 2012) 
young sporophytes (up to 4 mm long) only survived salini-
ties down to 16 SA (Peteiro and Sánchez 2012). Our results 
suggest that adult sporophytes of U. pinnatifida are capable 
of enduring hyposaline conditions down to 6 SA, at least for 
short time periods.

Carbon dioxide solubility increases with decreasing 
salinities (Weiss 1974), potentially enhancing the avail-
ability of carbon dioxide to photosynthesis in reduced 
salinities. Elevated CO2 levels are known to increase the 
photosynthetic performance of macroalgae (Johnson et al. 
2012; Olischläger et al. 2012). This correlation might 
explain the observation that U. pinnatifida exhibited high-
est ETRmax values at lower than ambient seawater salini-
ties (24 SA). When salinity is further reduced, physiologi-
cal stress might exceed the positive effect of hyposaline 
conditions.

Table 4  Means (± SD, n = 5) of xanthophyll cycle pigment pool 
(∑VAZ) of three kelp species (Undaria pinnatifida, Ecklonia radiata, 
Lessonia variegata) exposed to various temperatures (5, 15, 20 and 

25 °C) and salinities (33, 24, 18, 12 and 6 SA) determined after 
10 days of experimental exposure

∑VAZ is expressed in relation to chlorophyll (Chl) a concentration. Details on statistical analyses and results are given in the text

∑VAZ (µg µg−1 Chl a) Salinity (SA)

33 24 18 12 6

Undaria pinnatifida 5 °C 0.078 ± 0.005 0.073 ± 0.012 0.086 ± 0.023 0.070 ± 0.005 0.069 ± 0.007

15 °C 0.076 ± 0.002 0.075 0.074 ± 0.006 0.073 ± 0.007 0.073 ± 0.006

20 °C 0.087 ± 0.010 0.075 ± 0.009 0.076 ± 0.015 0.079 ± 0.011 0.070 ± 0.015

25 °C 0.075 ± 0.016 0.051 ± 0.008 0.070 ± 0.022 0.035 ± 0.011

Ecklonia radiata 5 °C 0.073 ± 0.009 0.062 ± 0.011 0.067 ± 0.004 0.055 ± 0.009 0.057 ± 0.010

15 °C 0.053 ± 0.018 0.035 ± 0.011 0.050 ± 0.018 0.065 ± 0.040 0.028 ± 0.017

20 °C 0.058 ± 0.018 0.038 ± 0.011 0.031 ± 0.018 0.035 ± 0.007 0.025 ± 0.006

25 °C 0.060 ± 0.019 0.038 ± 0.011 0.036 ± 0.006

Lessonia variegata 5 °C 0.065 ± 0.008 0.046 ± 0.007 0.062 ± 0.007 0.054 ± 0.006 0.056 ± 0.011

15 °C 0.068 ± 0.010 0.056 ± 0.011 0.052 ± 0.013 0.055 ± 0.003 0.051 ± 0.005

20 °C 0.061 ± 0.003 0.056 ± 0.004 0.057 ± 0.016 0.053 ± 0.003 0.059 ± 0.009

25 °C 0.027 ± 0.015 0.025 ± 0.004 0.090 ± 0.047 0.032 ± 0.003 0.037 ± 0.003
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Ecological implications

Temperature is a main driver in seaweed biogeography, 
and ocean water temperature is projected to increase con-
tinuously in the coming decades (IPCC 2014). Organisms 
susceptible to temperature changes or living close to their 
critical temperature limit might experience restrictions in 
physiological performance, as predicted for corals (Fitt 
et al. 2001). Schiel et al. (2004) reported a decrease in 

abundance of temperature-sensitive algae over the duration 
of ten years in response to artificial warming induced by 
the thermal outfall of a power-generating station. Our find-
ings suggest that physiological conditions of the endemic 
L. variegata will be strongly impacted if water tempera-
tures exceed 25 °C for multiple days, potentially leading 
to reduced abundances in the intertidal. In contrast, we did 
not detect major restrictions to the physiological perfor-
mance of U. pinnatifida in 25 °C indicating that the kelp 
is capable of withstanding 25 °C water temperature. Based 
on satellite-derived Sea Surface Temperature (SST) data 
James et al. (2015) suggested that extensive areas of the 
world coastlines might be suitable for the invasion of U. 
pinnatifida.

Salinities in Tauranga Harbour can be significantly 
lower than the ocean outside the harbour (Pritchard et al. 
2009). Close to the inlet of Wairoa river, the main fresh-
water source of Tauranga Harbour, extremely low salinities 
(0 – 5 SA) might be experienced for at least short periods of 
time (Pritchard et al. 2009). The pronounced tolerance to 
salinity of U. pinnatifida sporophytes, found in our study, 
potentially enables the kelp to further expand its range into 
less saline areas of Tauranga Harbour and elsewhere. In 
Venice, lagoon invasive stands of U. pinnatifida are already 
established, experiencing salinities of 16 to 38 SA (Curiel 
et al. 1998). However, timescale and frequency of salinity 
fluctuations will be important factors determining acclima-
tion rates for the invasion success (Lee and Bell 1999) in 
environments of varying salinities, e.g. lagoons. Experi-
ments comparing short- and long-term salinity exposure 
may add valuable information to predict future distribution 
patterns.

Physiological impairment of E. radiata and the endemic 
L. variegata in high temperatures, as observed in this study, 
might favour the spread of the less impacted U. pinnatifida 
in a competitive situation (e.g. for space), eventually result-
ing in local dominance of U. pinnatifida in the intertidal. U. 
pinnatifida has been shown to benefit from disturbance of 
native canopy forming kelps (Valentine and Johnson 2003, 
2004). Therefore, impaired performance of native species 
may be a critical invasion factor.

In our study area, Tauranga Harbour (Te Awanui) located 
in the Bay of Plenty, New Zealand, U. pinnatifida was first 
observed in 2005 (Russell et al. 2008). The invader vigor-
ously grows on hard substrata in close vicinity to the exam-
ined native kelp species. U. pinnatifida within Tauranga 
Harbour currently co-occurs with other macrophytes such 
as Carpophyllum maschalocarpum, C. flexuosum and Sar-
gassum spp. as well as E. radiata. Together with subcanopy 
species such as Ulva, Codium, Corallina spp. as well as a 
number of small foliose red algae. It currently is not pre-
sent to any great extent on the outer coast, but given the 
rapid spread observed in coastal regions adjacent to ports 

Fig. 3  Antioxidant pool size (boxplots, n = 5) of Undaria pinnati-
fida, Ecklonia radiata and Lessonia variegata exposed to various 
temperatures (5, 15, 20 and 25 °C) and salinities (33, 24, 18, 12 and 
6 SA) after 10 days of experimental exposure. Pool size is expressed 
as Trolox equivalents (TE) per dry weight (DW). Bottom and top of 
the boxes in the plot depict the first and third quartiles, respectively. 
The median is represented by the band inside the box. The ends of 
the whiskers are designed to show minimum and maximum values 
still within 1.5 × Interquartile range (IQR) of the lower and upper 
quartiles. Values outlying these ranges are displayed by single dots. 
Details on statistical analyses and results are given in the text



 Mar Biol (2016) 163:194

1 3

194 Page 12 of 14

such as Wellington, Napier and Gisborne (the latter two 
with similar salinity and temperature profiles to Tauranga), 
it is expected to be interacting with coastal E. radiata and 
L. variegata imminently (Hay and Luckens 1987; Hay 
1990; Battershill et al. 1998). Indeed, the relatively low 
abundance of E. radiata inside the harbour in areas of U. 
pinnatifida presence and on reef habitat that would nor-
mally otherwise support E. radiata could signal a competi-
tive displacement already in action.

In conclusion, this study demonstrates that adult sporo-
phytes of U. pinnatifida exhibit a wide physiological tol-
erance to synergistic effects of temperature and salinity, 
suggesting the potential invasion of brackish environments. 
Species-specific physiological reactions to abiotic stress 
have been observed, strikingly demonstrating the impor-
tance of antioxidant pool size for stress regulation in kelps. 
U. pinnatifida exhibited considerably higher tolerance to 
abiotic factors than the native kelps, supporting the gener-
ally accepted assumption that invasive species are more tol-
erant to abiotic stresses than natives. Especially with regard 
to its performance in elevated temperature conditions, U. 
pinnatifida might experience a competitive advantage in a 
warming ocean, and further expand its invaded range.
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