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ABSTRACT: Ocean warming is altering the metabolic balances of organisms, favouring the
expansion of thermo-tolerant individuals. The fast-growing macroalga Caulerpa prolifera is rap-
idly expanding in the Ria Formosa lagoon (Portugal), a connection area between Mediterranean
and Atlantic basins. We investigated the metabolic capacity of C. prolifera to cope with ocean
warming, to elucidate its expansion potential. The photosynthetic and respiratory plasticity of 4
populations of C. prolifera spread along the Mediterranean—Atlantic basins was assessed under a
temperature range of 20 to 30°C. In addition, molecular markers were used to investigate the
genetic identity of the strain found in Ria Formosa, which confirmed its Mediterranean origin. All
examined populations showed large physiological thermo-tolerance and metabolic plasticity to
warming. The photosynthetic efficiency of C. prolifera improved by 50 % with temperature, and
the maximum photosynthetic production doubled along the temperature range tested. Respiration
did not vary with temperature, whereas the metabolic quotient increased by more than 70 %when
temperature increased from 20 to 25-30°C. Minor differences in the photosynthetic descriptors
were detected among populations, reflecting light- and dark-adapted physiology of Mediterran-
ean and Atlantic populations, respectively. Our results show that all tested populations of C. pro-
lifera have the physiological potential to cope with temperature increases up to 30°C, which indi-
cates that ocean warming may contribute to the expansion of C. prolifera in the Mediterranean—
Atlantic basins.
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1. INTRODUCTION

Marine systems are being exposed to pressures
linked to global climate change. Among these, global
warming is a major threat affecting marine life and
ecosystem functioning (Portner et al. 2014). The
warming trend in the ocean as well as the frequency
and intensity of extreme events (e.g. heat waves)
have increased in the last decades (Oliver et al.
2018), and projections estimate they will continue to
do so over the next century (Oliver et al. 2019).

*Corresponding author: irene.olive@szn.it

Warming is globally affecting the functioning of all
marine systems, but coastal areas are particularly
sensitive habitats where the effects of temperature
and heat waves are more extreme than in the open
ocean (Helmuth et al. 2006). Associated with long-
lasting warming conditions, changes in the structure
of coastal populations and in the geographic distribu-
tions of species have also been predicted (Smale &
Wernberg 2013).

Rising water temperature may pose a challenge for
species living at their physiological tolerance limit
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since they may be less competitive and become dis-
placed by more tolerant species. In contrast, warm-
adapted species and organisms living closer to their
colder limits are expected to improve growth and
increase their abundance under future warming con-
ditions (Smale & Wernberg 2013). Warming may thus
create new suitable habitat niches for these species
and boost their colonization potential. The arrival of
new species with higher temperature tolerance in
high and temperate latitudes is expected in associa-
tion with warming (Lima et al. 2007, Bates et al.
2013). Evaluation of the thermal tolerance of a spe-
cies is therefore a critical step for a more realistic
assessment of the impact of global warming on
coastal marine organisms.

Ocean warming is predicted to affect the physiol-
ogy and metabolic balance of organisms (Koch et al.
2013) by altering the energetic costs of metabolic
processes and forcing energetic trade-offs (Yvon-
Durocher et al. 2010). This may have subsequent
impacts on the functioning of the whole ecosystem to
which they belong (Portner et al. 2014). Moderate
temperature increases can benefit the productivity
of primary producers, stimulating photosynthesis,
growth and biomass accumulation (Harley et al.
2012). However, since respiration is expected to
increase more than photosynthesis with temperature
(Brown et al. 2004), once a given thermal threshold is
exceeded, the metabolic balance becomes less
favourable. A decrease in net metabolic balance may
compromise the fitness of an organism, leading to
deleterious effects such as carbon imbalance,
reduced growth and even mortality (Harley et al.
2012). Thermal tolerance and metabolic thresholds
largely depend on the optimum thermal range, accli-
mation capacity and genetic adaptation potential
(Stillman 2003), which remain unknown for most
species.

The local environment also shapes thermal thresh-
olds and sensitivity of organisms to temperature.
Exposure to extreme and more frequent thermal
events may enhance resilience to stress, pushing
adaptation and expansion of tolerance thresholds
(Schoepf et al. 2015). Within European waters, simi-
lar warming trends and multidecadal oscillations
have been described for the Mediterranean Sea and
the Atlantic Ocean (Marullo et al. 2011). However, a
gradient of temperature naturally exists along the
Mediterranean—Atlantic basins, with higher sea sur-
face temperature and frequency of heat waves in the
Mediterranean basin (Oliver et al. 2018). It may thus
be hypothesized that organisms thriving in Mediter-
ranean waters will cope better with higher tempera-

tures than their Atlantic counterparts and that a
physiological pattern in response to temperature
could be found along the Mediterranean—Atlantic
axis.

The chlorophyte Caulerpa prolifera (Forsskal) J.V.
Lamouroux is a clonal, fast-growing macroalga that
is globally distributed and is considered an autoch-
thonous species on the Mediterranean and Atlantic
coasts (Varela-Alvarez et al. 2015, Cacabelos et al.
2019). A recent biogeographical study identified 3
main biogeographical areas for this species: (1) the
West Atlantic, (2) the East Atlantic and (3) a larger
area representing the Mediterranean, the transition
zone towards the Atlantic and some sites in the Indo-
Pacific (Varela-Alvarez et al. 2015). Large pheno-
typic plasticity has been attributed to the genus
Caulerpa, with high intra- and inter-specific physio-
logical variability among species (Robledo & Freile-
Pelegrin 2005). Niche modelling analysis demon-
strated that different genetic lineages of the species
C. taxifolia (M. Vahl) C. Agardh showed dissimilar
responses to environmental drivers, space coloniza-
tion and invasive ranges that are not detectable by
species-based analyses (Chefaoui & Varela-Alvarez
2018). Physiological plasticity and genetic identity of
populations are thus key factors to be considered
when studying the acclimation and adaptation
capacities of Caulerpa spp. to global warming and its
colonization potential.

The spatial niche of C. prolifera overlaps with other
benthic macrophytes growing in soft-bottom shallow
subtidal coastal areas. The high proliferation and
expansion potential of this species may pose serious
challenges for coastal foundation species with high
ecological value, such as seagrasses, severely
impacting coastal biodiversity and eco-social func-
tioning (Occhipinti-Ambrogi & Savini 2003, Bennett
et al. 2016). On the southern coasts of Portugal, at the
Atlantic edge of the Mediterranean—Atlantic transi-
tion zone, occasional sightings of C. prolifera have
been documented since the 19% century. However,
no further records of C. prolifera in southern Portugal
were documented in surveys regularly carried out in
Ria Formosa in the last decades (Cunha et al. 2013).
However, it is plausible that the original population
persisted, remaining cryptic and contained in small
areas until favourable conditions triggered its expan-
sion. In 2011, a single small patch (~10 m?) was first
observed in the Ria Formosa lagoon, adjacent to
Fuseta Island (Cunha et al. 2013), and in the follow-
ing years a number of small patches were found in a
nearby area (i.e. Armona inlet) (Alexandre & Santos
2020). Since 2016, large subtidal meadows of C. pro-
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lifera have proliferated in Ria Formosa around Cula-
tra Bay (Alexandre & Santos 2020), expanding fur-
ther west towards the Atlantic Ocean. At present, the
genetic origin, physiological performance and
spread potential of the strain recently rediscovered
in Ria Formosa remain unclear.

In the context of climate change, the capacity of C.
prolifera to cope with future warmer scenarios is
poorly understood. Despite its ecological relevance
in shallow coastal systems, few studies have
addressed the physiology of C. prolifera (Terrados &
Ros 1992, Hader et al. 1997, Malta et al. 2005, Ver-
gara et al. 2012), and the intra-specific physiological
plasticity of C. prolifera remains largely unknown. To
date, no study has compared the physiology of differ-
ent populations growing throughout the Mediterran-
ean—Atlantic distribution range of this species.

We investigated the capacity of C. prolifera to cope
with global warming by evaluating the physiological
tolerance of different populations of C. prolifera
spread along the Mediterranean—Atlantic basins to
elucidate the proliferation potential of this species
under future ocean warming. This is the first study
evaluating the physiological response of C. prolifera
from Portuguese coasts.

We hypothesized that the C. prolifera strain re-
cently rediscovered in Culatra, Ria Formosa (Portu-
gal), has a Mediterranean origin and that Mediter-
ranean lineages are physiologically more thermo-
tolerant than those from the Atlantic, since popula-
tions in the Mediterranean are exposed to higher
temperatures than those in the Atlantic
(Pérez-Ruzafa et al. 2005, Tuya et al.

2. MATERIALS AND METHODS
2.1. Algal collection and acclimation

Four different populations of Caulerpa prolifera
spreading along the Mediterranean—Atlantic basin,
including the population recently rediscovered in Ria
Formosa (Culatra), were selected to study their ther-
mal physiological plasticity.

Specimens of C. prolifera (i.e. stolons bearing sev-
eral fronds each) from Murcia, Spain (Mar Menor,
37°48'48.7" N, 0°47'05.6" W), Cdadiz, Spain (San-
tibanez, 36°28'09.2" N, 6°15'00.9” W), Ria Formosa,
Portugal (Culatra, 37°00'00.3" N, 7°49'53.4" W) and
Las Palmas de Gran Canarias, Spain (Arinaga,
27°50'59.8" N, 15°23'26.4" W) were collected by
snorkelling and scuba diving during June and July
2017 (Fig. 1). Mean temperatures at the collection
sites ranged between 18 and 21°C (see Table S1 in
the Supplement at www.int-res.com/articles/suppl/
m668p073_supp.pdf).

Once collected, specimens were gently stored in
seawater in darkness and shipped to the Ramalhete
experimental field station (CCMAR, Portugal) within
48 h. Specimens of C. prolifera from each population
were potted in 100 | outdoor mesocosms (n = 4) with
a layer of clean sand at the bottom and a neutral light
shadow mesh (ca. 50% surface irradiance attenua-
tion) on top. Mesocosms were connected to an open-
water system with natural light, temperature and
photoperiod. Specimens were kept in the outdoor
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cate the locations of the Caulerpa prolifera populations studied
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mesocosms for 6 wk. The daily mean + SE tempe-
rature during the experimental period was 25.88 +
1.75°C. Maximum surface irradiance at noon
reached 2000 pmol photon m™2 s7'. During this
period, physiological laboratory experiments and
molecular identification were conducted.

2.2. Physiology: fluorescence and photosynthesis
vs. irradiance curves

The physiological performance of C. prolifera was
evaluated via fluorescence and photosynthesis vs.
irradiance curves (P-E curves) in the laboratory
under temperature- and light-controlled conditions.
Three different temperature treatments (20, 25 and
30°C) were chosen, where 20°C represents the mean
temperature at the collection sites (Table S1). The
25°C treatment represents the mean summer tem-
peratures among the populations studied (Tuya et al.
2014, Garcias-Bonet et al. 2019), while 30°C repre-
sents the projected mean summer temperature by
the end of the century under a scenario of moderate
greenhouse gas emissions equivalent to RCP6.0
(Garcias-Bonet et al. 2019).

The afternoon before the laboratory experiments
were conducted, 2 specimens from each population
were selected from the outdoor acclimation meso-
cosms, covered with dark shades, and kept in their
own acclimation mesocosm in order to achieve
full photosynthetic relaxation prior to physiological
measurements (Enriquez & Borowitzka 2010). On the
day of the measurements, the dark-acclimated spec-
imens from each population were collected from
their mesocosm, kept in seawater and darkness and
taken to the laboratory where measurements of fluo-
rescence and P-FE curves took place.

The photochemical photosynthetic performance of
C. prolifera, i.e. the capacity to convert light into
energy, was studied via fluorescence in the same
specimens later used for the P—FE curves. The fluores-
cence of chlorophyll from photosystem II was meas-
ured with a pulse amplitude modulated fluorometer
(IMAGING-PAM, Walz). The maximum photochemi-
cal efficiency (maximum quantum vyield, F,/Fy,)
(Krause & Weis 1991) was measured in the speci-
mens kept in darkness overnight (dark-acclimated)
prior to starting the P-E curves. The effective photo-
chemical efficiency (effective quantum yield, F,'/F,,")
was measured right after specimens were exposed to
the maximum irradiance in the P-E curve, i.e. at the
end of the P-E curve. The maintenance of the photo-
chemical conversion was estimated by the % yield

drop, calculated as the percentage of reduction in the
maximum quantum vyield (F,/F,) at the end of the
P-E curve (F,'/Fy").

Once the dark-adapted specimens were collected
from the mesocosms and maximum quantum yield
was measured, they were kept in darkness and
placed in vials filled with seawater at the experimen-
tal temperature set for day, and P-E curves started
right after. Photosynthetic and respiratory oxygen
flux was evaluated with P-E curves conducted on
each population. The P-E curves were performed in
rounds, where each round tested 1 temperature (i.e.
20, 25 or 30°C) and included 1 specimen from each
population. Five P-E curves (n = 5 rounds) were per-
formed at each temperature tested. Each day, 1 P-E
curve was run (i.e. 15 d of measurements). The labo-
ratory was kept at constant temperature coincident
with the temperature tested in the P-E curve.

Specimens tested in the P—FE curves were incubated
in small incubation chambers (Erlenmeyer, 200 ml)
closed with air-tight plastic stoppers and were sub-
jected to a series of 10 increasing irradiances under
temperature-controlled conditions (i.e. 20, 25 and
30°C). Irradiances ranged from initial darkness up to
1000 pmol photon m s7', The maximum irradiance
was set in order to simulate the higher irradiances
reaching Caulerpa meadows (Morris et al. 2013,
Mishra et al. 2018). Erlenmeyer chambers were
placed on a shaking plate to stimulate water move-
ment and avoid oxygen saturation at the diffusion
layer around the specimens during the incubations.
Specimens were incubated in filtered seawater
(GF/F filter) collected from the open-flow system
supplying the acclimation mesocosms tanks. Salinity
(35.5) was checked using a hand-held refractometer
(Atago). A control incubation, containing only fil-
tered seawater, was run randomly within several P-E
curve rounds to check the gas-tightness of the incu-
bation chambers and the potential contribution of the
microbial community in the water mass. Gas losses
and microbial contributions were negligible (data not
shown).

Oxygen evolution within the incubation chamber
during the P-E curves was quantified using optode
sensors (spot sensors for Microx 4 meter, PreSense)
which allowed determining the O, concentration
without opening the chambers. At each irradiance,
oxygen (concentration and % saturation) and tem-
perature were recorded in each incubation chamber
for at least 5 min in order to obtain a stable slope.
Whenever necessary during the P-E curves, seawa-
ter inside the chambers was partially renewed with
N,-bubbled seawater to avoid O, oversaturation.
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Net photosynthesis and respiration rates were
derived from oxygen measurements. Dark respira-
tion (R4), was calculated from the oxygen consump-
tion rate in darkness. The photosynthetic efficiency
(alpha) was estimated from the initial slope of the
P-E curves by linear least squares regression analy-
sis. Net maximum photosynthetic rates (P,.x) were
obtained from the average maximum values above
saturating irradiance. The light saturation point (Ey)
was computed as the ratio between maximum photo-
synthetic rate and photosynthetic efficiency (Ppax/
alpha), and the light compensation point (E;) as the
intercept of the P-E curve with the x-axis (Ry/alpha).

Once P-E curves and fluorescence measure-
ments were performed, the volume in the incubation
chamber was measured, incubated specimens were
collected, scanned for area analysis and dried at
65°C over 2 d for dry weight assessment. Area and
weight were used for photosynthesis and respiration
normalization.

2.3. DNA extraction, PCR amplification, sequen-
cing and molecular identification

A pooled blade sample of C. prolifera collected from
the Culatra population was taken for genetic identifi-
cation and origin. DNA was extracted using the Nu-
cleospin 96 Plant II kit (Macherey-Nagel). A partial
region of the cpDNA tufA gene was amplified by PCR
following Fama et al. (2002) and Varela-Alvarez et al.
(2015) using primers from Fama et al. (2002). PCR
conditions were hot start (95°C, 5 min); 40 cycles of
95°C for 30 s, 52°C for 30 s, 72°C for 1 min 30 s; and
final extension of 5 min at 72°C. PCR reactions were
performed in a 20 pl volume containing buffer (10x),
dNTPs (2 mM), MgClI2 (50 mM), primers (10 mM),
0.3 U Taq polymerase and approximately 5-10 ng of
template DNA. Amplified products were visualized
on a 1% agarose gel. Purified PCR products were sent
for sequencing to the CCMAR sequencing unit. The
resulting sequences were compared first with cpDNA
tufA sequences of C. prolifera available in GenBank,
and second, with the 3 distinct haplotypes (Mediter-
ranean, East Atlantic and West Atlantic) associated
with the 306 nt common region in tufA sequences de-
fined by Varela-Alvarez et al. (2015).

2.4. Statistics

A preliminary exploratory data analysis was per-
formed on data to detect and remove outliers when

necessary. A 2-way ANOVA was applied to physio-
logical descriptors obtained from P-E curves and flu-
orescence considering temperature and population
as fixed factors. Parametric conditions were tested by
Shapiro and Levene's tests, for normality and homo-
scedasticity, respectively. The significance level was
set at o = 0.05. When parametric conditions were not
satisfied, statistical significance was set at oo = 0.01 to
minimize type I error (Underwood 1997). Statistical
analysis was performed with R Version 1.1.453 (R
Core Team 2018). Values within the text are given as
mean * SD unless otherwise indicated.

3. RESULTS
3.1. Physiology of Caulerpa prolifera

The maximum photochemical performance, maxi-
mum quantum yield (F,/F,), of C. prolifera ranged
between 0.71 and 0.78 and did not vary among pop-
ulations (Table 1), indicating a good physiological
status of all C. prolifera specimens selected for P-E
curves (Malta et al. 2005). The effective photochemi-
cal yield (F,'/F,') measured after P-E curves signifi-
cantly increased with temperature (p < 0.001) but the
response to warming differed among populations
(temperature x population, p < 0.05) (Fig. 2, Table 1).
Populations from the Mediterranean edge (Murcia
and Cadiz) showed higher fluorescence effective
yield at 30°C, while in the Atlantic populations (Ca-
narias and Culatra), the effective yield peaked at
25°C (see Table S2 in the Supplement for the com-
plete database). The % yield drop before (F,/F,) and
after (F,'/F,'") the P-E curve gives information on the
maintenance of the photochemical conversion in C.
prolifera after the P-E curve. The decrease in the
photochemical conversion (% vyield drop) after the
P-E curve was around 80 %, but the decrease was
significantly reduced with temperature (p < 0.05),
indicating an optimization of the photochemical con-
version as temperature increased (Fig. 2, Table 1).
Significant differences in both the effective yield and
the % vyield drop were detected between 20 and
25-30°C (Table 1).

The metabolic performance, i.e. the photosyn-
thetic capacity to convert light into oxygen and its
consumption by respiration, of C. prolifera was esti-
mated from the P-E curves. P-E curves were ex-
pressed on both an area and a weight basis of speci-
mens (Fig. S1 in the Supplement). Photosynthetic and
respiratory parameters were only calculated on an
area basis since a significant linear relationship was
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Table 1. ANOVA results for the effect of temperature (Temp) and population (Pop; Can: Canarias, Mur: Murcia, Cad: Cadiz, Cul:
Culatra) on the variables derived from fluorescence and photosynthesis vs. irradiance (P-E) curves. Maximum vield (F,/F,), ef-
fective yield (F,'/F,'), % maximum quantum yield drop, photosynthetic efficiency (alpha), compensation irradiance (E.), satura-
tion irradiance (Ej), maximum photosynthesis (P,,x), respiration (R) and metabolic quotient (P/R). Significance is indicated as

***p <0.001; **p < 0.01; *p <0.05

Variable Parametric Factors df Sum sq Mean sq F Pr(>F) Tukey HSD
F,/F, Yes Population 3 0.000782  0.0002607  1.25 0.302
Residuals 47 0.009803  0.0002086
F,'/Fy' Yes Temperature 2 0.02150 0.010748 9.238  0.00052*** 20°C < 25 and 30°C
Population 3 0.00569 0.001898 1.632  0.19770
Temp x Pop 6 0.02193 0.003654 3.141  0.01310*
Residuals 39 0.04538 0.001163
% yield Yes Temperature 2 243.4 121.68 4.673 0.0159* 20°C > 25 and 30°C
drop Population 3 191.1 63.71 2.447 0.0801
Temp x Pop 6 356.3 59.38 2.280 0.0581
Residuals 35 911.3 26.04
Alpha No Temperature 2 0.001558  0.0007789 8.956  0.000519*** 20°C < 30°C
Population 3 0.002385  0.000795 9.142 <0.0001*** Can > Mur, Cad & Cul
Temp x Pop 6 0.000250  0.0000416 0.478  0.820903
Residuals 46 0.004000  0.0000870
E. No Temperature 2 16.56 8.281 2.710 0.0782
Population 3 13.72 4.573 1.496 0.2294
Temp x Pop 6 45.80 7.634 2.498 0.0371*
Residuals 42 128.34 3.056
Ey Yes Temperature 2 4186 2093.0 9.633  0.000329*** 20°C < 25 and 30°C
Population 3 5259 1752.9 8.067 0.000208*** Can < Mur & Cul
Temp x Pop 6 2411 401.8 1.849  0.110904
Residuals 45 9778 217.3
Prax Yes Temperature 2 17.593 8.797 50.513 <0.0001*** 20°C < 25°C < 30°C
Population 3 2.567 0.856 4913 0.00481** Mur > Cad & Cul
Temp x Pop 6 0.656 0.109 0.628  0.70688
Residuals 46 8.011 0.174
R No Temperature 2 0.00550 0.002752 1.065 0.353789
Population 3 0.06125 0.020415 7.896  0.000263*** Cul < Mur & Can; Cad < Can
Temp x Pop 6 0.05122 0.008537 3.302  0.009219**
Residuals 43 0.11117 0.002585
P/R No (norma- Temperature 2 466.8 233.39 16.788 <0.0001*** 20°C < 25 and 30°C
lity failed)  Population 3 92.4 30.80 2.215 0.101
Temp x Pop 6 142.4 23.73 1.707 0.144
Residuals 41 570.0 13.90

found between area and dry weight (DW) among
specimens used in this study (weight [g DW] =
-0.0002 + 0.0023 area [cm?]; R? = 0.78; Fy3 = 257.9,
p <0.0001).

The photosynthetic efficiency in light conversion
(alpha) of C. prolifera increased by >50 % between 20
and 30°C (from 0.023 + 0.014 t0 0.036 + 0.010 pmol O,
pmol photon™?, p < 0.001), with significant differences
detected between 20 and 30°C (Fig. 3, Table 1). Dif-
ferences among populations were also detected (p <
0.001), with Atlantic populations (i.e. Canarias) con-

sistently showing higher photosynthetic efficiencies
than the other populations (Fig. 3, Tables 1 & S2).
Compensation irradiance (E.) was consistently low
(5 + 2 pmol photon m~ s7!) and was neither affected
by temperature nor differed among populations
(Tables 1 & S2). The saturation irradiance (Ej) also
remained low (<100 pmol photon m~2 s7!) but signifi-
cantly increased with temperature (p < 0.001), rising
from 54 + 21 to 75 + 20 pmol photon m~2 s7! at 20 and
30°C, respectively. Paralleling the photosynthetic
efficiency, Ej also differed among populations (p <
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Fig. 2. Fluorescence variables. (a) Effective photochemical
vield (F,'/F,'). (b) Percentage of maximum quantum yield
drop. Bars represent mean + SE

0.001), with Atlantic populations saturating photo-
synthesis at lower irradiances (Tables 1 & S2).

The maximum photosynthetic capacity (Ppnax) of C.
prolifera doubled with temperature, from 1.13 + 0.44
to 2.48 = 0.42 pmol O, m~2 s7!, within the 20 to 30°C
range (p < 0.001) (Fig. 3 Table 1). Differences in Py«
were also detected among locations (p < 0.01), with
Mediterranean populations (i.e. Murcia) showing
the highest photosynthetic rates, particularly when
compared to populations from the Mediterranean—
Atlantic transition area (i.e. Cadiz and Culatra)
(Fig. 3, Tables 1 & S2).

Contrastingly, respiration of C. prolifera did not
reveal any pattern with temperature (p = 0.354) but
differed among the studied populations (p < 0.001)
(Fig. 3, Table 1). The variability in respiration within
populations was higher at 20°C than at 25 or 30°C
(Fig. 3, Table S2). Globally, Atlantic (i.e. Canarias)
and Mediterranean (i.e. Murcia) populations showed
higher respiration rates than populations in the
Atlantic-Mediterranean transition zone.

The metabolic status of C. prolifera was evaluated
as the ratio between photosynthesis and respiration.
The metabolic quotient (Py.c/respiration, P/R) was
clearly autotrophic, with photosynthetic rates an
order of magnitude higher than respiration (Fig. 3).
Temperature significantly increased the metabolic
quotient (p < 0.001, Table 1), which increased by
more than 70 %, rising from 8.18 + 4.21 to 14.19 +
4.23 between 20 and 25°C, respectively, and remain-
ing high at 30°C (Table 1).

3.2. Genetic identity of a new strain of C. prolifera

In order to investigate the source of colonization
and verify the genetic identity of the strain recently
rediscovered in Culatra (Ria Formosa, Portugal), a
cpDNA region (tufA gene) was sequenced. The tufA
sequences produced in the present study (GenBank
accession numbers: MT702819, MT702820, MT
702821) were identical to one another and were also
identical to the sequences of C. prolifera described
for a close location (Fuseta, Portugal) collected in
2011 (Cunha et al. 2013). The sequences from Cula-
tra, Portugal, were also identical to ones within the
Mediterranean clade (Varela-Alvarez et al. 2015),
confirming the species identity and the Mediterran-
ean origin of the Culatra strain.

4. DISCUSSION

Our results show a large metabolic thermo-
tolerance plasticity in the chlorophyte Caulerpa pro-
lifera, revealing the potential of this species to cope
with future seawater temperature rise associated
with global warming. The photosynthetic perform-
ance and the metabolic quotient of C. prolifera
increased with temperature in all of the populations
studied across the Mediterranean—Atlantic border,
suggesting a favourable scenario, in terms of produc-
tivity and expansion potential, for this species under
future warming scenarios.

4.1. Physiology of C. prolifera

From a photosynthetic perspective, C. prolifera has
been considered to be a shade-adapted alga (Hader
et al. 1997, Garcia-Sanchez et al. 2012). The high
photosynthetic efficiency and low compensation and
saturation irradiances measured in our study support
this assumption and fall within the range of values
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previously reported for this species (Terrados &
Ros 1992, Enriquez et al. 1995, Vergara et al. 2012).
However, maximum photosynthetic performance re-
mained high at irradiances above saturation, with
values similar to light-adapted algae species (Long-
staff et al. 2002). Despite the high irradiances applied
in the P-E curve (circa 1000 nmol photon m™2s7!), no
signs of photoinhibition were detected in any of the 4
populations studied. As expected, photochemical
yield dropped at the end of the P-E curves, but the
decrease in the effective yield was mainly due to a
decrease in maximal fluorescence (F,,) rather than an
increase in minimal fluorescence (Fy) (Fig. S2 in the
Supplement). These results suggest photoprotection,
via an increase in non-photochemical quenching (i.e.
heat loss) (Bolhar-Nordenkampf et al. 1989), rather
than photoinhibition, as the main energy dissipation
mechanism (Demmig-Adams & Adams 1992), chal-
lenging the dark-adapted physiology attributed to
this species. The high photosynthetic efficiency and

sustained photosynthetic rates together with the con-
sistent low respiration rates recorded lead to a high
autotrophic balance (P/R), supporting the high pro-
ductivity attributed to this species (Vergara et al.
2012).

4.2. Response of C. prolifera to warming

Within the context of ocean warming, rising tem-
perature is expected to affect the activation energy of
enzymes involved in global metabolism altering the
physiology and metabolic balance of organisms (Yvon-
Durocher et al. 2010). Photosynthesis is strongly
affected by temperature and is expected to increase
as long as temperature rises below the thermal opti-
mum (Way et al. 2015). Optimum P, around 30°C
has been previously reported in Mediterranean pop-
ulations of C. prolifera during spring—summer peri-
ods, while the optimum temperature for photosyn-
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thetic efficiency (alpha) has been observed around
20°C (Terrados & Ros 1992). Our results showed how
both photosynthetic efficiency (alpha) and photosyn-
thetic potential (P,.x) increased with temperature
within the range of temperatures tested in all C. pro-
lifera populations studied with optimum tempera-
tures around 30°C. In line with the photosynthetic
improvement, the photochemical conversion (F,'/F,')
also improved with temperature. The reduction in
the yield drop at higher temperatures further indi-
cates an optimization of the electronic flow through
Photosystem II with temperature, probably due to
maximization of enzymatic reactions linked to the
electron transport chain (Farquhar et al. 1980).

Metabolic theory predicts that warming will in-
crease both photosynthesis and respiration in photo-
synthetic organisms but will decrease the net meta-
bolic quotient (P/R) since respiration is expected to
increase more than photosynthesis with temperature
(Brown et al. 2004). Terrados & Ros (1992) reported
increments in both respiration and photosynthesis
with warming, and a relatively stable metabolic quo-
tient, within the 15 to 30°C range. Our results
also showed that C. prolifera consistently increased
photosynthesis with temperature within the range
tested, but respiration remained low and unaffected
by temperature. Both photosynthesis and respiration
traits showed similar plasticity (37 and 41 % coeffi-
cient variation for P, and Ry, respectively), suggest-
ing that the low respiration recorded at the higher
temperatures may be a physiological response for
energy optimization (partial or negative acclimation)
(Larigauderie & Korner 1995, Zha et al. 2003). It is
also plausible that the higher temperature tested in
our study (30°C) is not high enough to trigger a sig-
nificant increase in respiration (Hiive et al. 2012).
Although a photosynthetic and metabolic thermal
threshold above 30°C has been reported for C. prolif-
era communities (Terrados & Ros 1992), our results
suggest physiological potential for metabolic opti-
mization beyond this threshold. Further research is
needed to confirm the limits and stability of physio-
logical thresholds for C. prolifera.

Besides inherent species plasticity, local environ-
ment may also contour the population acclimation
and adaptation potential shaping thermal thresholds
and sensitivity to temperature (Schoepf et al. 2015).
Thus, similar increases in seawater temperature may
differently affect populations of the same species
locally adapted to different thermal environments
(Vinagre et al. 2018). The higher mean sea surface
temperatures of the Mediterranean, between 25 and
27°C in summer (Garcias-Bonet et al. 2019), com-

pared to the Atlantic, around 24°C in the Canary
Islands (Tuya et al. 2014), lead to our hypothesis that
organisms thriving in Mediterranean waters (i.e. the
Murcia population) could cope better with higher
temperatures than Atlantic counterparts (i.e. the
Canary population) and that a physiological pattern
in response to temperature could be found along the
Mediterranean—Atlantic axis. Slightly different phys-
iological acclimation strategies were detected among
populations along the Mediterranean—Atlantic
basins with both sun and shade-adapted physiologi-
cal strategies attributed to Caulerpa spp. (Robledo &
Freile-Pelegrin 2005). Mediterranean individuals
from Murcia sustained sun-adapted higher photo-
synthetic rates, while the Atlantic counterparts (i.e.
Canarias) showed a shade-adapted high photosyn-
thetic efficiency and lowest saturation irradiance.
The population recently rediscovered in Portugal
within the Mediterranean—Atlantic transition zone
(i.e. Culatra) showed the lowest respiration. The
lower metabolic demand of the newly established
population can be a physiological strategy for energy
optimization that contributed to the colonization of
new space. Despite these differences, all populations
optimized and increased the metabolic quotient with
temperature revealing large physiological plasticity
and thermo-tolerance of C. prolifera regardless of its
biogeographic origin. Our results suggest that all
populations of C prolifera studied here have the
physiological potential to cope with warming, up to
30°C, regardless of their origin.

4.3. Genetic origin and expansion potential of
C. prolifera in Ria Formosa

The Mediterranean—Atlantic transition zone is a
controversial biogeographical boundary for C. prolif-
era expansion between the Mediterranean and the
East Atlantic bioregion (Varela-Alvarez et al. 2015).
Despite being a limit for biota expansion (Alberto et
al. 2008), gene flow of biota from the Mediterranean
towards the Atlantic Ocean has been demonstrated
in this area (Masucci et al. 2012). The Mediterranean
origin of a new C. prolifera strain found in Ria For-
mosa (Culatra) supports the hypothesis that C. pro-
lifera reached Portugal from an expansion of a
Mediterranean source, as was the case for a strain
previously found in Ria Formosa (Fuseta) (Cunha et
al. 2013). The population discovered in 2011 in
Fuseta has since disappeared, probably as a result of
anthropogenic activities (dredging) that destroyed
the meadow (R. Santos pers. obs.). Because of the
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capacity of this genus to establish from small frag-
ments (Ceccherelli & Cinelli 1999), it is plausible that
the population remained alive by re-attaching and
spreading westwards towards Culatra. Since occa-
sional sightings of C. prolifera have been reported in
the last few years on the coast of Huelva (south-west-
ern Spain) (de la Rosa-Alamos & Altamirano 2011), it
is also plausible that C. prolifera strains coming from
the Mediterranean expanded towards the Atlantic
coast in different waves of colonization. Further
research is needed to verify the introduction vectors
of C. prolifera in Portugal and towards the Atlantic.

4.4. Ecological implications

Global warming may benefit species with high
physiological plasticity growing in areas with tem-
peratures lower than their thermal optimum. It may
create new habitat niches and boost their coloniza-
tion potential to the detriment of less competitive
foundation species (Lima et al. 2007, Harley et al.
2012, Bates et al. 2013). C. prolifera is considered an
opportunistic species that can tolerate high nutrient
and suspended sediment loads, spreading widely in
subtidal areas (Cunha et al. 2013). The shade-
adapted physiology and metabolic optimization of C.
prolifera reported in this study could explain its
expansion and colonization through the bare deep
areas of Ria Formosa channels observed in recent
years (Alexandre & Santos 2020). Besides this physi-
ological advantage, the high productivity and energy
optimization reported in this study contribute to the
fast proliferation and colonization potential of this
species and may confer a competitive advantage
over other coastal macrophytes, such as seagrasses
(Ceccherelli et al. 2000, Stafford & Bell 2006).

Considering the high physiological plasticity de-
scribed in this study and the current expansion of C.
prolifera in Ria Formosa, it is likely that ocean warm-
ing will further favour the expansion of this species.
The Ria Formosa strain could act as a thermo-tolerant
colonization vector for C. prolifera along the Por-
tuguese coast potentially expanding towards the
Atlantic basin. This expansion may challenge the
functioning and stability of coastal habitats domi-
nated by other foundation species (Marba & Duarte
2010, Thomsen et al. 2019) and the associated eco-
system services (Bennett et al. 2016). Global warm-
ing poses a favourable scenario for the spread of C.
prolifera in future years. Further studies are required
to track the expansion of this species and to evaluate
its ecological implications.

Acknowledgements. We thank A. Garcia-Lazzati, supported
by an ERASMUS+ traineeship, for his contribution in collect-
ing specimens from Canarias and his assistance in mesocosm
maintenance and laboratory experiments. We also thank J.
Reis for assistance at the Ramalhete field station and I. Bar-
rote for generously providing the Imaging-PAM. We also
thank the 3 reviewers for their comments that helped to
improve the manuscript. This study received funding from
the European Union's Horizon 2020 research and innovation
programme under the Marie Sktodowska-Curie grant agree-
ment No. 752250, and from the Portuguese Foundation for
Science and Technology (FCT) through the national projects
RIAVALUE (PTDC/MAR-EST/3223/2014), GRASSMET
(PTDC/MAR-EST/4257/2014) and UIDB/ 04326/2020. 1.O.
was supported by 2 postdoctoral grants (CCMAR/BPD/004/
2017 and H202-MSCA-IF-EF-ST-752 250), E.V.A. was sup-
ported by a postdoctoral grant (SFRH/BPD/ 109452/2015)
and a research contract (DL 57/ 2016/ CP1361/CT0037), and
E.A.S. was supported by SFRH/ BSAB/ 150485/2019.

LITERATURE CITED

]gAlberto F, Massa S, Manent P, Diaz-Almela E, Arnaud-

Haond S, Duarte CM, Serrao EA (2008) Genetic differen-
tiation and secondary contact zone in the seagrass
Cymodocea nodosa across the Mediterranean—Atlantic
transition region. J Biogeogr 35:1279-1294

]gAlexandre A, Santos R (2020) High nitrogen and phospho-

rous acquisition by belowground parts of Caulerpa pro-
lifera (Chlorophyta) contribute to the species’ rapid
spread in Ria Formosa lagoon, Southern Portugal. J Phy-
col 56:608-617

]\'{‘Bates AE, McKelvie CM, Sorte CJB, Morley SA and others

(2013) Geographical range, heat tolerance and invasion
success in aquatic species. Proc R Soc B 280:20131958

]%Bennett NJ, Blythe J, Tyler S, Ban NC (2016) Communities

and change in the Anthropocene: understanding social-
ecological vulnerability and planning adaptations to
multiple interacting exposures. Reg Environ Change 16:
907-926

]\ViBolhar-Nordenkampf HR, Long SP, Baker NR, Oquist G,

Schreiber U, Lechner EG (1989) Chlorophyll fluores-
cence as a probe of the photosynthetic competence of
leaves in the field: a review of current instrumentation.
Funct Ecol 3:497-514

A‘Brown JH, Gillooly JF, Allen AP, Savage VM, West GB

(2004) Toward a metabolic theory of ecology. Ecology 85:
1771-1789

]\(Cacabelos E, Faria J, Martins GM, Mir C and others (2019)

First record of Caulerpa prolifera in the Azores (NE
Atlantic). Bot Mar 62:155-160

A Ceccherelli G, Cinelli F (1999) The role of vegetative frag-

mentation in dispersal of the invasive alga Caulerpa taxi-
folia in the Mediterranean. Mar Ecol Prog Ser 182:
299-303

]\'{ Ceccherelli G, Piazzi L, Cinelli F (2000) Response of the non-

indigenous Caulerpa racemosa (Forsskal) J. Agardh to
the native seagrass Posidonia oceanica (L.) Delile: effect
of density of shoots and orientation of edges of meadows.
J Exp Mar Biol Ecol 243:227-240

] Chefaoui RM, Varela-Alvarez E (2018) Niche conservatism

and spread of seaweed invasive lineages with different
residence time in the Mediterranean Sea. Biol Invas 20:
423-435


https://doi.org/10.1111/j.1365-2699.2007.01876.x
https://doi.org/10.1111/jpy.12988
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24266040&dopt=Abstract
https://doi.org/10.1007/s10113-015-0839-5
https://doi.org/10.2307/2389624
https://doi.org/10.1007/s10530-017-1544-8
https://doi.org/10.1016/S0022-0981(99)00122-7
https://doi.org/10.3354/meps182299
https://doi.org/10.1515/bot-2018-0075
https://doi.org/10.1890/03-9000

Olivé et al.: Physiology of Caulerpa prolifera and warming

83

Cunha AH, Varela-Alvarez E, Paulo DS, Sousa I, Serrdao E
(2013) The rediscovery of Caulerpa prolifera in Ria For-
mosa, Portugal, 60 years after the previous record. Cah
Biol Mar 54:359-364

de la Rosa-Alamos JC, Altamirano M (2011) Northernmost
occurrence of Caulerpa prolifera (Chlorophyta, Cauler-
paceae) in Atlantic European coasts and first record for
Huelva province. Migres 2:65-72

ﬁiDemmig-Adams B, Adams WW (1992) Photoprotection and
other responses of plants to high light stress. Annu Rev
Plant Physiol Plant Mol Biol 43:599-626
Enriquez S, Borowitzka MA (2010) The use of the fluores-
cence signal in studies of seagrasses and macroalgae. In:
Suggett JD, Présil O, Borowitzka AM (eds) Chlorophyll a
fluorescence in aquatic sciences: methods and applica-
tions. Springer Netherlands, Dordrecht, p 187-208
ﬁgEnriquez S, Duarte CM, Sand-Jensen K (1995) Patterns in
the photosynthetic metabolism of Mediterranean macro-
phytes. Mar Ecol Prog Ser 119:243-252
]\<Famé P, Wysor B, Kooistra WHCF, Zuccarello GC (2002)
Molecular phylogeny of the genus Caulerpa (Cauler-
pales, Chlorophyta) inferred from chloroplast tufA gene.
J Phycol 38:1040-1050
]\(Farquhar GD, von Caemmerer S, Berry JA (1980) A bio-
chemical model of photosynthetic CO, assimilation in
leaves of Cj species. Planta 149:78-90
ﬁiGarcia-Sénchez M, Korbee N, Pérez-Ruzafa IM, Marcos C,
Dominguez B, Figueroa FL, Pérez-Ruzafa A (2012) Phys-
iological response and photoacclimation capacity of
Caulerpa prolifera (Forsskal) J.V. Lamouroux and Cymo-
docea nodosa (Ucria) Ascherson meadows in the Mar
Menor lagoon (SE Spain). Mar Environ Res 79:37-47
]\(Garcias-Bonet N, Vaquer-Sunyer R, Duarte CM, Marba N
(2019) Warming effect on nitrogen fixation in Medi-
terranean macrophyte sediments. Biogeosciences 16:
167-175
ﬁiHéider DP, Porst M, Herrmann H, Schéafer J, Santas R (1997)
Photosynthesis in the Mediterranean green alga
Caulerpa prolifera measured in the field under solar
radiation. J Photochem Photobiol B Biol 37:66-73
]\<Har1ey CDG, Anderson KM, Demes KW, Jorve JP, Kordas
RL, Coyle TA, Graham MH (2012) Effects of climate
change on global seaweed communities. J Phycol 48:
1064-1078
#Helmuth B, Mieszkowska N, Moore P, Hawkins SJ (2006)
Living on the edge of two changing worlds: forecasting
the responses of rocky intertidal ecosystems to climate
change. Annu Rev Ecol Evol Syst 37:373-404
]\(Hﬁve K, Bichele I, Ivanova H, Keerberg O and others (2012)
Temperature responses of dark respiration in relation to
leaf sugar concentration. Physiol Plant 144:320-334
IPCC (2014) Climate change 2014: synthesis report. Contri-
bution of Working Groups I, Il and III to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate
Change. IPCC, Geneva
]\(Koch M, Bowes G, Ross C, Zhang XH (2013) Climate change
and ocean acidification effects on seagrasses and marine
macroalgae. Glob Change Biol 19:103-132
]\(Krause GH, Weis E (1991) Chlorophyll fluorescence and
photosynthesis: the basics. Annu Rev Plant Physiol Plant
Mol Biol 42:313-349
ﬁiLarigauderie A, Korner C (1995) Acclimation of leaf dark
respiration to temperature in alpine and lowland plant
species. Ann Bot (Lond) 76:245-252
#¢Lima F, Ribeiro P, Queiroz N, Hawkins S, Santos A (2007) Do

distribution shifts of northern and southern species of
algae match the warming pattern? Glob Change Biol 13:
2592-2604
ﬁg Longstaff BJ, Kildea T, Runcie JW, Cheshire A and others
(2002) An in situ study of photosynthetic oxygen ex-
change and electron transport rate in the marine macro-
alga Ulva lactuca (Chlorophyta). Photosynth Res 74:
281-293
]\'{ Malta EJ, Ferreira DG, Vergara JJ, Pérez-Lloréns JL (2005)
Nitrogen load and irradiance affect morphology, photo-
synthesis and growth of Caulerpa prolifera (Bryopsi-
dales: Chlorophyta). Mar Ecol Prog Ser 298:101-114
] Marba N, Duarte CM (2010) Mediterranean warming trig-
gers seagrass (Posidonia oceanica) shoot mortality. Glob
Change Biol 16:2366-2375
HAMarullo S, Artale V, Santoleri R (2011) The SST multi-
decadal variability in the Atlantic-Mediterranean region
and its relation to AMO. J Clim 24:4385-4401
] Masucci AP, Arnaud-Haond S, Eguiluz VM, Hernandez-
Garcia E, Serrao EA (2012) Genetic flow directionality
and geographical segregation in a Cymodocea nodosa
genetic diversity network. EPJ Data Sci 1:11
HMishra AK, Silva J, Santos R (2018) Short term CO, enrich-
ment increases carbon sequestration of air-exposed
intertidal communities of a coastal lagoon. Front Mar Sci
4:439
ﬁg Morris EP, Peralta G, Van Engeland T, Bouma TJ and others
(2013) The role of hydrodynamics in structuring in situ
ammonium uptake within a submerged macrophyte
community. Limnol Oceanogr Fluids Environ 3:210-224
A Occhipinti-Ambrogi A, Savini D (2003) Biological invasions
as a component of global change in stressed marine eco-
systems. Mar Pollut Bull 46:542-551
]\Vi Oliver ECJ, Donat MG, Burrows MT, Moore PJ and others
(2018) Longer and more frequent marine heatwaves over
the past century. Nat Commun 9:1324
Oliver ECJ, Burrows MT, Donat MG, Sen Gupta A and oth-
ers (2019) Projected marine heatwaves in the 21st cen-
tury and the potential for ecological impact. Front Mar
Sci 6:734
] Pérez-Ruzafa A, Fernandez AI, Marcos C, Gilabert J,
Quispe JI, Garcia-Charton JA (2005) Spatial and tempo-
ral variations of hydrological conditions, nutrients and
chlorophyll a in a Mediterranean coastal lagoon (Mar
Menor, Spain). Hydrobiologia 550:11-27
Portner HO, Karl D, Boyd PW, Cheung W and others (2014)
Ocean systems. In: Field CB, Barros VR, Dokken DJ,
Mach KJ and others (eds) Climate change 2014:
impacts, adaptation, and vulnerability. Part A: global
and sectoral aspects. Contribution of Working Group II
to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press,
Cambridge, p 411-484
R Core Team (2018) R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna
]\'{ Robledo D, Freile-Pelegrin Y (2005) Seasonal variation in
photosynthesis and biochemical composition of Caulerpa
spp. (Bryopsidales, Chlorophyta) from the Gulf of Mex-
ico. Phycologia 44:312-319
A¢Schoepf V, Stat M, Falter JL, McCulloch MT (2015) Limits to
the thermal tolerance of corals adapted to a highly fluc-
tuating, naturally extreme temperature environment. Sci
Rep 5:17639
] Smale DA, Wernberg T (2013) Extreme climatic event drives


https://doi.org/10.1146/annurev.pp.43.060192.003123
https://doi.org/10.3354/meps119243
https://doi.org/10.1046/j.1529-8817.2002.t01-1-01237.x
https://doi.org/10.1007/BF00386231
https://doi.org/10.1016/j.marenvres.2012.05.001
https://doi.org/10.5194/bg-16-167-2019
https://doi.org/10.1016/S1011-1344(96)07338-1
https://doi.org/10.1111/j.1529-8817.2012.01224.x
https://doi.org/10.1146/annurev.ecolsys.37.091305.110149
https://doi.org/10.1111/j.1399-3054.2011.01562.x
https://doi.org/10.1111/j.1365-2486.2012.02791.x
https://doi.org/10.1146/annurev.pp.42.060191.001525
https://doi.org/10.1006/anbo.1995.1093
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23325774&dopt=Abstract
https://doi.org/10.1038/srep17639
https://doi.org/10.2216/0031-8884(2005)44%5b312%3ASVIPAB%5d2.0.CO%3B2
https://doi.org/10.1007/s10750-005-4356-2
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1016/S0025-326X(02)00363-6
https://doi.org/10.1215/21573689-2397024
https://doi.org/10.3389/fmars.2017.00439
https://doi.org/10.1140/epjds11
https://doi.org/10.1175/2011JCLI3884.1
https://doi.org/10.1111/j.1365-2486.2009.02130.x
https://doi.org/10.3354/meps298101
https://doi.org/10.1023/A%3A1021279627409
https://doi.org/10.1111/j.1365-2486.2007.01451.x

84 Mar Ecol Prog Ser 668: 73-84, 2021

range contraction of a habitat-forming species. Proc R
Soc B 280:20122829

]\( Stafford NB, Bell SS (2006) Space competition between sea-
grass and Caulerpa prolifera (Forsskaal) Lamouroux fol-
lowing simulated disturbances in Lassing Park, FL. J Exp
Mar Biol Ecol 333:49-57

]\( Stillman JH (2003) Acclimation capacity underlies suscepti-
bility to climate change. Science 301:65

]\(Terrados J, Ros JD (1992) The influence of temperature on
seasonal variation of Caulerpa prolifera (Forsskal) Lam-
ouroux photosynthesis and respiration. J Exp Mar Biol
Ecol 162:199-212

Thomsen MS, Mondardini L, Alestra T, Gerrity S and others
(2019) Local extinction of bull kelp (Durvillaea spp.) due
to a marine heatwave. Front Mar Sci 6:84

]%Tuya F, Ribeiro-Leite L, Arto-Cuesta N, Coca J, Haroun R,
Espino F (2014) Decadal changes in the structure of Cy-
modocea nodosa seagrass meadows: natural vs. human
influences. Estuar Coast Shelf Sci 137:41-49

Underwood AJ (1997) Experiments in ecology: their logical
design and interpretation using analysis of variance.
Cambridge University Press, Cambridge

ﬁ<Varela-Alvarez E, Balau AC, Marba N, Afonso-Carrillo J,

Duarte CM, Serrao EA (2015) Genetic diversity and bio-

Editorial responsibility: Mirta Teichberg,
Bremen, Germany
Reviewed by: M. J. Durako and 2 anonymous referees

geographical patterns of Caulerpa prolifera across the
Mediterranean and Mediterranean/Atlantic transition
zone. Mar Biol 162:557-569

]\(Vergara JJ, Garcia-Sanchez MP, Olivé I, Garcia-Marin P,
Brun FG, Pérez-Lloréns JL, Hernédndez I (2012) Seasonal
functioning and dynamics of Caulerpa prolifera mead-
ows in shallow areas: an integrated approach in Cadiz
Bay Natural Park. Estuar Coast Shelf Sci 112:255-264

]\'{Vinagre C, Mendonca V, Cereja R, Abreu-Afonso F, Dias
M, Mizrahi D, Flores AAV (2018) Ecological traps in
shallow coastal waters—potential effect of heat-waves
in tropical and temperate organisms. PLOS ONE 13:

0192700

] Way DA, Oren RAM, Kroner Y (2015) The space—time con-
tinuum: the effects of elevated CO, and temperature on
trees and the importance of scaling. Plant Cell Environ

38:991-1007

] Yvon-Durocher G, Jones JI, Trimmer M, Woodward G, Mon-
toya JM (2010) Warming alters the metabolic balance of
ecosystems. Philos Trans R Soc B 365:2117

,\'{ Zha TS, Kelloméki S, Wang KY (2003) Seasonal variation in
respiration of 1-year-old shoots of Scots pine exposed to
elevated carbon dioxide and temperature for 4 years.
Ann Bot (Lond) 92:89-96

Submitted: October 29, 2020
Accepted: April 6, 2021
Proofs received from author(s): June 10, 2021


https://doi.org/10.1016/j.jembe.2005.11.025
https://doi.org/10.1126/science.1083073
https://doi.org/10.1016/0022-0981(92)90201-K
https://doi.org/10.1016/j.ecss.2013.11.026
https://doi.org/10.1007/s00227-014-2605-5
https://doi.org/10.1093/aob/mcg118
https://doi.org/10.1098/rstb.2010.0038
https://doi.org/10.1111/pce.12527
https://doi.org/10.1371/journal.pone.0192700
https://doi.org/10.1016/j.ecss.2012.07.031



