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The generalized use of molecular identification
tools indicated that multispecific green tides are
more common than previously thought. Temporal
successions between bloom-forming species on a
seasonal basis were also revealed in different cold
temperate estuaries, suggesting a key role of
photoperiod and temperature controlling bloom
development and composition. According to the
Intergovernmental Panel on Climate Change, water
temperatures are predicted to increase around 4°C
by 2100 in Ireland, especially during late spring
coinciding with early green tide development.
Considering current and predicted temperatures,
and photoperiods during bloom development,
different eco-physiological experiments were
developed. These experiments indicated that the
growth of Ulva lacinulata was controlled by
temperature, while U. compressa was unresponsive to
the photoperiod and temperatures assayed.
Considering a scenario of global warming for Irish
waters, an earlier development of bloom is

expected in the case of U. lacinulata. This could
have significant consequences for biomass balance
in Irish estuaries and the maximum accumulated
biomass during peak bloom. The observed seasonal
patterns and experiments also indicated that U.
compressa may facilitate U. lacinulata development.
When both species were co-cultivated, the culture
performance showed intermediate responses to
experimental treatments in comparison with
monospecific cultures of both species.
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Plymouth routines in multivariate ecological
research software version 6.; RAxML, Randomized
axelerated maximum likelihood; RGR, Relative
growth rate; rYC, Relative yield for U. compressa;
rYL, Relative yield for U. lacinulata; rYT, Relative
total yield; SST, Sea surface temperature; sY, Stan-
dardized biomass yield; t, Number of days; TIM3 +
I + G, Transition model 3 + proportion of invari-
able sites + gamma distribution; Ux, Standardized
nutrient uptake; X0, Tissue nutrient content at the
beginning of the experiment; Xf, Tissue nutrient
content at the end of the experiment; Yii, Biomass
yield of species “i” in monoculture; Yij, Biomass
yield of species “i” co-cultured with species “j”; η2p,
eta-squared method

The increase in human population, especially dur-
ing the last 300 years (from 0.6 billion in 1700 to
7.9 billion in 2021; UN 2021), and the associated
expansion and intensification of its activities (e.g.,
agriculture, fishing, fossil fuels burning, industry,
marine transport, urbanization, and tourism), had
led to important changes in the Earth’s system,
making humankind one of the most relevant drivers
of global change (Camill 2010). Global warming
and eutrophication are two processes mainly driven
by anthropogenic activities, which are part of this
global environmental change (Gattuso et al. 2015,
Glibert 2017) and are considered among the most
important threats to the conservation of aquatic
ecosystems and their biodiversity (Lotze et al. 2006,
Airoldi and Beck 2007, Coll et al. 2010).

During the last few decades, increases in mean
sea surface temperatures (SST) have been recorded
in cold and temperate locations around the world
(Poloczanska et al. 2011, Bartsch et al. 2012,
Casado-Amezúa et al. 2019) together with dramatic
distributional shifts of many marine organisms,
including key habitat-forming species and others of
commercial interest (Wernberg et al. 2011, Casado-
Amezúa et al. 2019). This trend is expected to con-
tinue during the 21st century, with a global sea sur-
face temperature increase of 1.9°C during February
and August, and maximum warming of around 4°C
during spring and early summer at high latitudes of
the northern hemisphere (Bartsch et al. 2012,
IPCC 2021). In aquatic environments, this warming
is expected to affect more significantly smaller and
shallower water bodies such as estuaries and coastal
lagoons, which show a lower thermal capacity and
inertia as a result of their small size and high sur-
face:volume ratio.

On the other hand, estuaries and coastal lagoons
are the first recipients of pollutants via rivers in the
land-to-sea pathway, this alongside their relatively
small size makes these areas especially susceptible to
pollution including nutrient over-enrichment. One
of the most evident signs of nutrient over-
enrichment is the development of macroalgal

blooms (Valiela et al. 1997, Teichberg et al. 2010).
Macroalgal blooms or seaweed tides are accumula-
tions of a large biomass of fast-growing opportunistic
seaweeds on shores and shallow waters as a conse-
quence of their overgrowth (Fletcher 1996, Valiela
et al. 1997, Smetacek and Zingone 2013). These
blooms alter ecosystem functioning and structure,
limiting the goods and services that estuarine and
coastal environments provide (Costanza et al. 1997,
Lotze et al. 2006, Airoldi and Beck 2007). Although
macroalgal blooms are not toxic per se, many detri-
mental effects associated with their sheer physical
mass or the degradation of large amounts of biomass
have been described in human activities and wildlife
(Krause-Jensen et al. 2008, Lenzi et al. 2012). The
accumulation of layers of seaweed biomass on the
shore and shallow waters, physically obliterates other
coastal life and may prevent the use of these waters
for many purposes (e.g., fishing, navigation, and
tourism; Smetacek and Zingone 2013). The subse-
quent degradation of large amounts of seaweed bio-
mass can lead to dystrophic crises, alter
biogeochemical cycling, and produce unpleasant
odors and the release of toxic compounds causing
serious amenity and public health concerns (Teich-
berg et al. 2010, Smetacek and Zingone 2013).
The occurrence of seaweed tides is a widespread

phenomenon affecting coastal areas all over the
world (Lavery et al. 1991, Hernandez et al. 1997,
Nelson et al. 2003, Wang et al. 2015, Allanson
et al. 2016). Seaweed tides became more frequent
and larger at the end of the 20th century, especially
in industrialized countries. Since then, the number
of reports from new locations and the magnitude of
these tides have continued to increase (Valiela
et al. 1997, Smetacek and Zingone 2013, Le Moal
et al. 2019). Despite the critical role of nutrient
over-enrichment in the occurrence of seaweed tides,
additional abiotic and biotic factors such as light,
temperature, local hydrodynamic conditions, graz-
ing, propagule bank size, and local species pool or
strains can be critical in explaining bloom develop-
ment (Worm et al. 1999, Nelson et al. 2008, Fort
et al. 2020). In this sense, the diversity of species
with different ecological requirements capable of
producing a bloom can increase the extension and
persistence of seaweed tides throughout temporal
and spatial successions (Lavery et al. 1991, Nelson
et al. 2008, Bermejo et al. 2019, 2020).
Species of the genus Ulva are the main Chloro-

phytes responsible for green seaweed tides (Valiela
et al. 1997, Smetacek and Zingone 2013, Wang
et al. 2015). These species have a simple morphol-
ogy, consisting either of a monostromatic tubular
thallus (formerly Enteromorpha genus) or a distro-
matic laminar thallus (Hayden et al. 2003). Some
Ulva species can display both morphotypes (Gui-
done et al. 2013) or show a high morphological
variability depending on environmental conditions
(Gao et al. 2016b). The high plasticity that these
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species can show and the lack of reliable traits, espe-
cially in detached specimens, hinder accurate mor-
phological identification (Malta et al. 1999,
Guidone et al. 2013, Steinhagen et al. 2019). As a
consequence of the difficulties in morphological
identification, the study of the species composition
and its importance in the development of these
blooms has remained overlooked for long. However,
the development of new molecular identification
tools allows us to overcome these taxonomic chal-
lenges (Kang et al. 2019, Steinhagen et al. 2019,
Fort et al. 2021) and suggests that multispecific
green tides are more common than previously
thought (Nelson et al. 2008, Guidone and Thorn-
ber 2013, Bermejo et al. 2019).

Irish green tides are multispecific and they are
dominated by three main species (Ulva compressa, U.
prolifera, and U. lacinulata—incorrectly known as U.
rigida in Bermejo et al. 2019; see Hughey
et al. 2022). The composition and dominance pat-
terns of the main species forming green tides
change seasonally, with proliferations dominated by
tubular morphologies (i.e., U. compressa and U. prolif-
era) at the beginning of the bloom, and co-
dominated by tubular (i.e., U. compressa and U. prolif-
era) and laminar (i.e., U. lacinulata) morphologies
at the end (Bermejo et al. 2019; Fig. 1). The occur-
rence of temporal or spatial successions is usually
indicative of different eco-physiological require-
ments (Fong et al. 1996, Lotze and Schramm 2000,
Nelson et al. 2008). On this matter, a change in
environmental conditions could lead to a shift in
the composition and structure of the bloom (Lavery
et al. 1991), which can have implications for ecosys-
tem functioning (e.g., differences in decay and graz-
ing rates, differential effects of tidal currents in
biomass exportation; Coffaro and Bocci 1997, Nel-
son et al. 2008, Bermejo et al. 2019).

Light and temperature are the main factors
explaining seasonal patterns of primary producers
in temperate and polar environments (Lüning 1990,
Bermejo et al. 2019). As these factors covariate, the
development of factorial experiments is necessary to
disentangle the contribution of each of them to
explain the observed seasonal patterns, which is
paramount to predicting the responses of primary
producers to ongoing global warming. Furthermore,
the assessment of species interaction, their ecologi-
cal requirements, and the effects of biodiversity
in the response of macrophyte assemblages to envi-
ronmental pressures can be useful to understand
their resilience or resistance in a global change
scenario.

Thus, considering the current context of global
change and the multispecific composition of Irish
Ulva blooms, an experiment was performed in order
to disentangle the effects of light and temperature
on the growth of two main species of Ulva forming
green tides (i.e., U. compressa and U. lacinulata) in
cold temperate estuaries from the northern

hemisphere and to assess the biotic interactions
between the two species.

MATERIALS AND METHODS

“Ulva” identification, collection, and acclimation. Specimens
of Ulva compressa and U. lacinulata were collected from the
Clonakilty estuary, a eutrophic estuary located on the south-
western coast of Ireland which is affected by large and persis-
tent macroalgal blooms of Ulva spp. and Gracilaria
vermiculophylla (Wan et al. 2017, Bermejo et al. 2020, 2022).
Thalli were transported to the laboratory wrapped in wet tis-
sue inside a cooler box. There thalli were washed with
0.45 μm filtered seawater to remove sediment, organic debris,
and epibiota. Specimens of U. compressa and U. lacinulata
showing a healthier visual aspect and texture were sorted and
identified based on morphological traits following Brodie
et al. (2007). Furthermore, four specimens of U. compressa
and five specimens of U. lacinulata identified based on mor-
phological traits were selected to confirm the taxonomic
identity using genetic barcoding (Fig. S1 in the Supporting
Information).

Regarding the genetic barcoding, the large subunit of the
gene that encodes ribulose bisphosphate carboxylase-
oxygenase (RuBisCO; rbcL) was employed to genetically iden-
tify the samples. Whole-genomic DNA was extracted using the
NucleoSpin® Plant II kit (Macherey-Nagel, Germany) accord-
ing to the manufacturers’ instructions. Polymerase chain reac-
tions (PCRs) were prepared as follows: each reaction of 25 μL
volume contained 12.375 μL sterile water, 5 μL 5x Green
GoTaq Flexi buffer (Promega, France), 2 μL 25 mM MgCl2,
0.5 μL 40 mM dNTPs, 0.5 μL BSA solution, 1 μL each of 10
uM forward and reverse primers, 0.125 μL GoTaq Flexi Poly-
merase (Promega, France), and 2.5 μL template DNA. The
marker rbcL was amplified using primers SH_F1 and SH_R4
(Heesch et al. 2009) and internal primers (Hughey
et al. 2019), respectively. Protocols for PCR amplification and
purification of the products are given in Heesch
et al. (2016). PCR products were Sanger sequenced, using
the same primers, by a commercial sequencing service (Euro-
fins Genomics, Germany).

Sequences were checked by eye in 4Peaks v.1.7.2 (Griek-
spoor and Groothuis 2015) and included in an alignment of
published sequence data (see Fig. S1 for GenBank accession
numbers and references) in PhyDE version 0.9971 (Müller
et al. 2010). The alignment of 1250 bp length contained 74
sequences, with Gemina letterstedtioidea serving as an outgroup.
The online tool ALTER (ALignment Transformative EnviRon-
ment; Glez-Peña et al. 2010) was used to transform the align-
ment before running the phylogenetic analysis in RAxML
(Stamatakis 2014, Kozlov et al. 2019) using a graphic user
interface (raxmlGUI 2.0; Edler et al. 2021). After running
Modeltest implemented in RAxML (Darriba et al. 2020), the
data set was analyzed based on the maximum-likelihood crite-
rion using the TIM3 + I + G model, with bootstrap support
estimated based on 1000 repetitions. The resulting phyloge-
netic tree was visualized in FigTree v1.4.3 (Rambaut 2016)
and edited in Inkscape (https://inkscape.org/). Sequences
are available in GenBank/ENA under accession numbers:
OP555968-OP555976.

Specimens of the two species were cultivated separately
using two 15 liters aquaria for 1 month in artificial seawater
at a salinity of 32 (Coral Pro Salt, Red Sea) enriched with
1:2 diluted f/2 media without silicate (Guillard 1975). Aqua-
ria were illuminated by white cool fluorescents tubes (Blau
Aquaristic Lumina 1080) in a 15:9 h light:dark cycle at 80–
90 μmol photons � m−2 � s−1. The water temperature was set
to 15°C using an aquaria cooler (TK 150, TECO®). To avoid
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bacterial growth and nutrient limitation, nutrient-enriched
seawater was changed once a week, and a water pump was
used in each aquarium to ensure constant water motion.

Experimental set-up. To determine the eco-physiological
performance and to assess the biological interaction between
Ulva compressa and U. lacinulata under different conditions of

temperature and photoperiod, a factorial design was fol-
lowed. Conditions were established considering current and
future seawater surface temperature predictions for North
East Atlantic coastal waters (IPCC model scenario A2), as well
as the seasonal biomass dynamics, observed in Irish green
tides (Fig. 1; Bermejo et al. 2019, 2022). According to these

FIG. 1. Monthly Ulva biomass abundance (dots), photoperiod (bars), and sea surface water temperature (lines) for the Argideen (a) and
Tolka (b) estuaries. Mean biomass abundances were extracted from Bermejo et al. (2019) and Bermejo et al. (2022) for the years 2016 and
2017. Photoperiod data were obtained from the Met Eireann website. Mean monthly sea surface temperatures for adjacent coastal waters for
both estuaries for the years 2020 and 2100 were sourced from IPPC (2021) predictions. [Color figure can be viewed at wileyonlinelibrary.com]
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observations, tubular morphologies of Ulva showed the peak
of biomass during June, when the photoperiod was 16:8 h
(light:dark) and mean water temperature was around 13 and
14°C. In the case of laminar morphologies, the annual maxi-
mum of biomass was observed during August, when the day
length was 14 h and night length 10 h. Mean SST during this
month ranged between 17 and 18°C. Regarding IPCC predic-
tions for North East Atlantic waters, the most important
monthly temperature anomalies are expected to occur during
late spring and early summer, with an expected increase in
mean SST of 3 or 4°C at the end of the XXI century (approx.
17°C expected for June 2070–2100). No or little temperature
variation is expected for August. To identify the type of biotic
interaction between the two species of Ulva, they were culti-
vated alone (monoculture; i.e., 100% initial biomass) and
together (co-culture; 50% U. compressa + 50% U. lacinulata of
initial biomass). Therefore, a factorial design was followed
considering two temperatures (13.5°C and 17°C), two pho-
toperiods (16:8 h and 14:10 h light:dark), and two culture
conditions (monospecific and co-culture).

The experiments lasted for 10 d and all treatments and
replicates were performed simultaneously. Seaweeds were incu-
bated at an initial density of 0.2 g � L−1. Only specimens in a
healthy vegetative condition (not reproductive or full of starch
grains) were used. Four replicates were run per treatment.
Each replicate consisted of a 500-mL glass beaker filled with
half-strength f/2 media without silicate at a salinity of 32. The
media were replaced every 2 days to avoid bacterial growth and
nutrient limitation. The light was supplied from the top by
white cool fluorescent tubes (Blau Aquaristic Lumina 1080),
providing 80–90 μmol photons � m−1 � s−1. This irradiance was
chosen based on the light intensities reported by Vergara
et al. (1997) and Wang et al. (2012) from submersed Ulva
blooms. Beakers were placed in water-filled baths connected to
different aquaria coolers (TK 150, TECO®) to maintain the
temperature conditions. The position of the beakers was chan-
ged twice daily to ensure homogenization of light and tempera-
ture, during this procedure beakers were also shaken to
provide agitation to facilitate nutrient uptake and limit the
accumulation of oxygen. Irradiance, salinity, and water temper-
ature were monitored daily. Irradiance was measured using a
spherical underwater quantum sensor (LiCor-LI193SA) con-
nected to a data logger (LICOR L1-1500). In the case of salinity
and water temperature, a portable multiparametric sonde (sen-
sION+; HACH©) was used. No significant deviations from
experimental conditions were observed during the monitoring
of experimental factors.

Growth rates, elemental composition, biomass yield, and nutrient
uptake. Relative growth rate: The relative growth rate (RGR)
was calculated assuming an exponential growth (equation 1).
The fresh weights before and after the incubation period
were measured using a precision weight scale accurate to
0.0001 g. The weights were recorded to the nearest 0.001 g.
Before weighing, the specimens were gently blotted with filter
paper until wet spots disappeared.

RGR d�1
� � ¼ ln FWf=FW0ð Þ=t (1)

where FWf is the fresh weight of seaweed at the end of the
experiment; FW0 is the fresh weight at the beginning of the
experiment; and t is the number of days.

Elemental composition: Seaweed tissue was freeze-dried and
ground into a homogeneous powder using a TissueLyser II
(QIAGEN) and tungsten balls. Samples were stored in a des-
iccator with silica gel until sent to “Servizos de Apoio á Inves-
tigación” at the University of La Coruña (Spain), where tissue
C and N contents were determined using a Flash combustion
EA1108 elemental analyzer (Carlo Erba Instruments).

Standardized biomass yield, and nitrogen and carbon uptake:
The standardized biomass yield (sY) was calculated following
equation 2. In the case of nitrogen and carbon uptake, equa-
tion 3 was used.

sY ¼ FWf–FW0ð Þ= FW0
�tð Þ (2)

Ux mg � g�1 � d�1
� � ¼ DWf

�Xf–DW0
�X0ð Þ= DW0

�tð Þ (3)

where Ux is the standardized nutrient uptake; Xf is the tissue
nutrient content at the end of the experiment; X0 is the tis-
sue nutrient content at the beginning of the experiment;
DW0 is the dry weight of seaweed at the beginning of the
experiment; and DWf is the dry weight of the seaweed at the
end of the experiment.

Relative biomass yield: The relative yield for Ulva compressa
(rYC) and U. lacinulata (rYL) were estimated from the initial
and final fresh weight of each sample at the different treat-
ment combinations, according to equation 4 (Bi and Tur-
vey 1994, Leal et al. 2020).

rYi ¼ Yij=Yii (4)

where Yij is the biomass yield of species “i” co-cultured with
species “j”; Yii is the biomass yield of species “i” in monocul-
ture.

The total relative yield (rYT) for each sample was calcu-
lated as the sum of the relative yield of Ulva. compressa and U.
lacinulata (equation 5).

rYT ¼ rYC þ rYL (5)

Values of rYT = 1 imply neutral interaction, rYT >1 indicates
a synergistic interaction, and rYT <1 indicates a mutual antag-
onism (Bi and Turvey 1994, Leal et al. 2020).

Statistical analyses. Biological performance of Ulva spp.: A
three-way factorial analysis of variance (ANOVA) was used to
test the effects of photoperiod (two levels), temperature (two
levels), and the interspecific interaction with the other spe-
cies (two levels) on the RGR and the elemental composition
(i.e., C and N) of Ulva compressa and U. lacinulata. All vari-
ables were accomplished with normality and homoscedasticity
assumptions according to Shapiro–Wilks and Levene tests
except tissue N content of U. lacinulata, which did not accom-
plish with homoscedasticity even after data transformation. In
this case, a permutational analysis of variance (PERMA-
NOVA) based on Euclidean distances between samples was
performed to confirm the statistical significance yielded by
the traditional ANOVA test. A post hoc Tukey’s test was used
to compare between levels of factors when showing a signifi-
cant effect.

Interaction between Ulva compressa and U. lacinulata: In
the case of the relative yield of co-cultures, one-sample t-tests
were performed to identify when the relative yield was differ-
ent from 1 for rYT or 0.5 for rYC and rYL (i.e., the expected
rYx assuming neutral interaction). When data did not accom-
plish the normality assumption, a one-sample Wilcoxon
signed-rank test was used instead.

Culture stability: A one-way ANOVA was performed to
assess the effects of the four different treatments on the bio-
mass yield, N uptake, and C uptake of monocultures of Ulva
compressa, U. lacinulata, and the co-culture of both species. All
data were accomplished with normality and homoscedasticity.
Based on ANOVA results, the effect size of the experimental
treatment was determined following the “eta-squared”
method (η2p) for each of the different variables to estimate
the magnitude of the treatments on co-culture and monocul-
tures performance (Lakens 2013). As a proxy of stability,
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Levene’s test was also assessed between the different cultures,
pooling experimental conditions, to assess the homogeneity
of variance for the variables considered (i.e., biomass yield, N
uptake, and C uptake).

All statistical analyses were conducted using the software R
version 3.2.1 (R Core Team 2017) and PERMANOVA+ add-
on PRIMER 6 (Plymouth Routines in Multivariate Ecological
Research) software. The significance level was set at 5% prob-
ability.

RESULTS

Biological performance of Ulva compressa. The
ANOVA results (Table 1) indicated only a marginal
effect (P-value = 0.10) of photoperiod on the
growth of Ulva compressa. This species tended to
grow faster under 16:8 h light:dark (0.072 � 0.015 �
d−1) than under 14:10 L:D regime (0.062 �
0.016 � d−1; Fig. 2) and evidenced an RGR ranging
from 0.020 to 0.095 � d−1.

No effect of any factor was observed for tissue C
content (Table 1). The mean tissue C content was
32.45 � 1.07%, with a minimum of 30.76% and a
maximum of 34.44%. Regarding tissue N, a signifi-
cant effect of temperature and its interaction with
photoperiod were observed (Table 1). Values of tis-
sue N content ranged between 4.15 and 5.33% and
were relatively similar between treatments (maxi-
mum differences approximately 0.1 fold; Fig. 2),
with maximum contents observed at 13.5°C for both
photoperiods (4.90 � 0.30 %N at 16:8 h light:dark;
4.82 � 0.20 %N at 14:10 h light:dark) and mini-
mum at 17°C and 16:8 h light:dark (4.47 � 0.25 %
N). Replicates at temperatures of 17°C and 14:10 h
light:dark yielded intermediate tissue N contents
(4.79 � 0.20 %N). In all cases, the tissue N was
clearly higher than the critical quota estimated for
Ulva in previous studies (approx. 2.5 %N) indicat-
ing no nitrogen limitation.
Biological performance of Ulva lacinulata. Unlike

what was observed for Ulva compressa, the ANOVA

results revealed a significant effect of the factors co-
culture and temperature on the growth of U. lacinu-
lata (Table 2). No effect on growth was observed for
photoperiod or any interaction among factors. The
RGR of this species varied between 0.107 and
0.168 � d−1. Ulva lacinulata grew faster in the presence
of U. compressa and at warmer temperatures (maxi-
mum differences approximately 0.25-fold; Fig. 2).
Maximum growth rates were observed at 17°C when
co-cultured with U. compressa (0.147 � 0.013 � d−1)
and minimum at 13°C in monospecific cultures
(0.117 � 0.006 � d−1). Intermediate RGR was
observed at 17°C in monoculture (0.128 �
0.009 � d−1) and 13.5°C when cultured with U. com-
pressa (0.134 � 0.010 � d−1).
Regarding tissue N content, values ranged from

4.11 to 4.86%. Significant differences were found
between temperatures, with higher contents at
13.5°C (4.52 � 0.2%) than at 17°C (4.37 � 0.09%).
In all cases, tissue N was higher than the critical
quota indicating again no nitrogen limitation during
the development of this study. No effect of any fac-
tor was observed for tissue C content (Table 2). The
mean tissue C was 32.15 � 0.87 %C, with a mini-
mum value of 30.38% and a maximum of 33.38%.
Biological interaction between Ulva compressa and U.

lacinulata. Regarding Ulva compressa, the observed
relative yield when cultivated with U. lacinulata (1:1
initial proportion) was generally similar to the
expected one assuming no effect of U. lacinulata in
U. compressa (i.e., 0.5). However, when cultivated at
13.5°C and 14:10 h light:dark photoperiod, the
observed relative yield for U. compressa was signifi-
cantly higher than the expected one (one-sample t-
test; t3 = 3.257, P-value = 0.0236), suggesting an
enhanced yield of U. compressa when cultured with
U. lacinulata (Fig. 2). The observed relative yield for
U. compressa ranged from 0.45 � 0.23 (14:10 h light:-
dark and 17°C) to 0.56 � 0.04 (14:10 h light:dark
and 13.5°C).
In all the experimental conditions assayed, the

observed relative yield of Ulva lacinulata in co-
culture with U. compressa was greater than the
expected one assuming no effect of this species on
U. lacinulata (one-sample t-tests; t3 > 2.36, P-values
<0.05). The observed relative yield of this species
varied between 0.58 � 0.06 (16:8 h light:dark and
13.5°C) and 0.73 � 0.09 (14:10 h light:dark and
13.5°C). This is shown by the “^” shape of the
increase in the relative yield of U. lacinulata with its
proportion in co-culture in the replacement dia-
grams (Fig. 3), indicating a positive effect of U. com-
pressa in the yield of U. lacinulata.
Although the relative yield of Ulva lacinulata was

enhanced in all experimental conditions and no
negative effect of U. lacinulata in the yield of U. com-
pressa was observed (Fig. 3), a significant increase in
the total relative yield of the culture was only
observed at 13.5°C and 14:10 h light:dark photope-
riod (one-sample t-test; t3 = 10.144, P-value = 0.001).

TABLE 1. Results of the three-way ANOVA assessing the
effects of the factors “Biotic Interaction” (BI), “Photope-
riod” (Phot), and “Temperature” (Temp) on the relative
growth rate (RGR), tissue C and N content of Ulva com-
pressa.

Df

RGR
Tissue C
content

Tissue N
content

MS
F-

value MS
F-

value MS
F-

value

BI 1 0.05 0.02 0.12 0.08 0.10 1.62
Phot 1 7.86 2.80 0.47 0.33 0.12 1.88
Temp 1 0.81 0.29 0.95 0.67 0.41 6.44*
BI x Phot 1 0.43 0.15 0.00 0.00 0.03 0.45
BI x Temp 1 2.31 0.82 0.02 0.01 0.01 0.08
Phot x Temp 1 0.00 0.00 0.01 0.01 0.32 5.03*
BI x Phot x

Temp
1 0.03 0.01 0.11 0.08 0.00 0.00

Residuals 24 2.81 1.42 0.06

Note: * P-value <0.05; ** P-value <0.01; *** P-value <0.001.
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Under this experimental condition, the obtained
yield was 30% higher than expected. The observed
total relative yield ranged from 1.06 � 0.12 (16:8 h

light:dark and 13.5°C) to 1.29 � 0.06 (14:10 h light:-
dark and 13.5°C).
Culture stability. No significant effects of treat-

ment were observed for the biomass yield and nitro-
gen and carbon uptake of 1:1 co-cultures and Ulva
compressa monocultures (Fig. 4). The effect size of
experimental treatment ranged from 0.039 to 0.079
for U. compressa, and from 0.096 to 0.29 for the co-
cultures. By contrast, Ulva lacinulata cultures showed
significant differences between treatments in the
biomass yield (F3,12 = 3.879; P-value = 0.038;
η2p = 0.49), nitrogen uptake (F3,12 = 5.296; P-
value = 0.015; η2p = 0.57), and carbon uptake
(F3,12 = 5.888; P- value = 0.0104; η2p = 0.59). Cul-
tures of this species yielded the highest biomass
yields and nitrogen and carbon uptakes, whereas U.
compressa the lowest (Fig. 4). In the case of U. lacinu-
lata, the biomass yield ranged from 0.192 to
0.289 g � g−1 � d−1, the nitrogen uptake from 9 to
15 mg N � g−1 � d−1, and the carbon uptake from 67
to 112 mg C � g−1 � d−1. Regarding U. compressa, the
biomass yield was comprised between 0.040 and
0.138 g � g−1 � d−1, the nitrogen uptake between 1
and 9 mg N � g−1 � d−1, and the carbon uptake

FIG. 2. Relative growth rate and tissue N content of Ulva compressa and U. lacinulata according to factors or combination of factors that
showed a significant or marginal effect in the ANOVA. Data represent mean � standard deviation. Letters over the bars represent signifi-
cant differences between treatments according to the Tukey test. Further information is in Table S1 in the Supporting Information.

TABLE 2. Results of the three-way ANOVA assessing the
effects of the factors “Biotic Interaction” (BI), “Photope-
riod” (Phot), and “Temperature” (Temp) on the relative
growth rate (RGR), tissue C and N content of Ulva lacinu-
lata.

Df

RGR
Tissue C
content

Tissue N
content

MS F-value MS
F-

value MS
F-

value

BI 1 24.78 25.64*** 0.46 0.67 0.06 2.35
Phot 1 0.02 0.02 0.98 1.42 0.01 0.22
Temp 1 11.05 11.44** 1.21 1.74 0.16 6.30*
BI x Phot 1 1.93 2.00 1.80 2.61 0.00 0.08
BI x Temp 1 0.15 0.15 1.85 2.67 0.07 2.78
Phot x

Temp
1 0.93 0.96 0.82 1.18 0.00 0.06

BI x Phot x
Temp

1 0.27 0.28 0.06 0.09 0.00 0.11

Residuals 24 0.97 0.69 0.03

Note: *p-value <0.05; ** P-value <0.01; *** P-value <0.001.
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between 6 and 68 mg C � g−1 � d−1. The yield of the
co-cultures varied between 0.155 and 0.281 g � g−1-
� d−1, the nitrogen uptake between 7 and
11 mg N � g−1 � d−1, and the carbon uptake between
44 and 84 mg C � g−1 � d−1. Pooling all treatments,
Levene’s test indicated no significant differences on
the homogeneity of variances between the different
cultures and variables (F11,36 < 0.9607; P-values
>0.45).

DISCUSSION

The results indicated that, during Irish summer
conditions, temperature controls the development
of Ulva lacinulata (Table 2), while photoperiod
might play a more important role in triggering the
growth of U. compressa (Table 1; but note that only a
marginal effect was observed). These findings par-
tially explain the seasonal patterns found in Irish
estuaries (Jeffrey et al. 1995, Bermejo et al. 2019,
2022), with the most important increase in biomass
of tubular (i.e., U. compressa and U. prolifera) mor-
phologies occurring during the months of longer
photoperiods, and the most important accumulation
of laminar Ulva (i.e., U. lacinulata) when water tem-
perature increases in mid-summer. Nevertheless,
important differences in growth were observed
between species, with U. lacinulata displaying a
higher relative RGR than U. compressa (0.123 � 0.009
� d−1 and 0.067 � 0.016 � d−1, respectively; Fig. 2).

This contrasts with the biomass dominance of tubu-
lar Ulva observed in the field. In this sense, higher
transportation rates of biomass (removal from the
bay to the open sea) expected for the free-living lam-
inar morphologies of Ulva (Schories and Reise 1993,
Salomonsen et al. 1997, Bermejo et al. 2019) and
the more frequent generalized sporulation or
bleaching events observed for laminar morphologies
(e.g., Hiraoka 2021) may account for this.
Comparing the results observed with similar stud-

ies assessing the growth of Ulva compressa under sim-
ilar experimental conditions, this study yielded
much lower values for the RGR than those observed
by Wang et al. (2018; between 0.25 and 0.20 � d−1)
or Løvlie (1969; 0.3–0.5 � d−1), but similar to results
obtained by Taylor et al. (2001; 0.05–0.08 � d−1) and
Lotze and Schramm (2000; 0.09–0.11 � d−1). Regard-
ing U. lacinulata, the growth rates were similar to
the ones obtained by Gao et al. (2016a; 0.10–
0.15 � d−1) and Rautenberger et al. (2015; 0.08–
0.22 � d−1) for specimens of this species incubated
under similar conditions. These differences in
growth observed between experiments in the case of
U. compressa could be a result of differences in cul-
ture methodologies (water motion, culture media,
or light quality and quantity), thallus age (e.g., Gao
et al. 2016a), or in the biological performances of
strains of U. compressa (e.g., Løvlie 1969, Fort
et al. 2020). Further experiments considering stan-
dardized methodologies would be necessary in

FIG. 3. Relative yield of Ulva compressa (dotted line), U. lacinulata (dashed line), and total (solid line) under the four different condi-
tions assayed. Data represent mean � standard deviation (n = 4). Black symbols indicate significant differences between observed and
expected values according to the one-sample t-test; white symbols indicate non-significant differences. Black lines represent observed
trends, and gray lines depicted expected trends assuming neutral interactions between species.
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order to unravel the key factor explaining these dif-
ferences, which seems to be more important in the
case of U. compressa than for U. lacinulata.

Assuming the scenario of global warming pro-
posed by the IPCC for early summer (i.e., June) in
the year 2070 and the expected increase in nutrients
loadings in Irish estuaries (O’Boyle et al. 2017), the
results obtained support the idea of a change in the
structure and seasonality of green tides. This agrees
with the results of Gao et al. (2016a), who predicted
an increase in green tides dominated by Ulva lacinu-
lata in the context of global warming and eutrophi-
cation based on laboratory studies. In this case, it is
expected that an earlier development in the summer
of U. lacinulata blooms might increase the total bio-
mass of Ulva per square meter at this time of the
year due to the simultaneous occurrence of the peak
bloom of tubular and laminar morphologies. More-
over, if the duration of the U. lacinulata blooming
season is also extended, this could enhance the
exportation of Ulva biomass, as laminar morpholo-
gies are more prone to exportation out of the estu-
ary (Schories and Reise 1993, Bermejo et al. 2019).
Increased biomass exportation of Ulva could have a
positive local impact in estuaries, having a similar
effect to the removal of seaweed biomass.
The biotic interactions between these two species

in the context of no-nutrient limitation were neutral
(i.e., Ulva compressa) or positive (i.e., U. lacinulata).
Regarding the growth of U. lacinulata, it seems to be
enhanced by the presence of U. compressa (Fig. 3).
Fong et al. (1996), in a scenario of nutrient depriva-
tion, found that U. expansa facilitated the growth of
U. intestinalis, which was attributed to the release of
dissolved organic nitrogen (DON) when U. expansa
was limited by nitrogen. Although the release of
DON cannot be ruled out as the mechanism explain-
ing this facilitation, no N limitation was observed
during the experiment since the media were
replaced every 2 d and the tissue N in both species
was higher than 4%, which is almost the double of
the critical quota estimated for similar Ulva species
(>2.45%; Pedersen and Borum 1996, Villares and
Carballeira 2004). Thus, since other variables (e.g.,
the presence of allelopathic compounds, DON, DOP
and DOC) were not measured during the develop-
ment of the experiment, the mechanisms regulating
this interaction remain unexplained. On this matter,
further studies should assess the interactions
between these species in the context of nutrient limi-
tation, since non-linear responses could occur. All
these possibilities are of high relevance for the devel-
opment of successful management strategies.
Finally, the results indicated that the coculture of

Ulva compressa and U. lacinulata under eutrophic
conditions showed averaging values of biomass yield,
N and C uptake when compared with monospecific
cultures of both species (Fig. 4). Considering the
weak biotic interaction observed between these spe-
cies (neutral or slightly synergistic effect; Fig. 3),
their different response to environmental fluctua-
tions (Tables 1 and 2), and its similar function in
the community, these results suggest that the

FIG. 4. Biomass yield, N and C uptake of Ulva compressa, U. lacin-
ulata, and co-cultures of both species under four different combi-
nations of temperature (13.5°C and 17°C) and photoperiod
(14:10 h light:dark and 16:8 h light:dark) conditions. Data repre-
sent mean � standard deviation (n = 4). Letters over the bars rep-
resent significant differences between treatments according to the
Tukey test. The different colors of the letters over the bars indicate
that post hoc comparisons between treatments were performed for
each type of culture (U. lacinulata monoculture—light gray lower-
case letter; U. compressa monoculture—black lowercase letter; co-
culture of U. lacinulata and U. compressa—black capital letter).
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persistence and stability of green tides could be
enhanced by an increase in the number of oppor-
tunistic species able to produce macroalgal blooms,
as explained by the diversity-stability hypothesis
(McCann 2000). The increasing number of studies
reporting the coexistence of several species in green
tides (Guidone et al. 2013, Bermejo et al. 2019,
Kang et al. 2019), the occurrence of temporal and
spatial successions between bloom-forming species
as a result of environmental gradients or distur-
bances (Lavery et al. 1991, Nelson et al. 2008), or
the increased extension of macroalgal blooms due
to the arrival of alien species (Yabe et al. 2009, Ber-
mejo et al. 2020) also support this hypothesis. The
understanding of the biotic interaction, positive and
negative, between these species, and the density
dependent mechanisms regulating their interactions
(e.g., competition for resources, allelopathic com-
pounds, and mutual protection) will be useful for
the implementation of effective suitable environ-
mental management strategies or for Ulva aquacul-
ture, as this species is cultivated for commercial or
bioremediation purposes (e.g., IMTA). In the case
of seaweed aquaculture, the co-culture of different
Ulva species showing weak species interactions and
different performances under specific disturbances
might enhance yield stability (e.g., Haughey
et al. 2018), especially when culture conditions can-
not be controlled.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Phylogenetic tree inferred by maxi-
mum-likelihood analysis from partial rbcL
sequences of Ulvacean species. The numbers
above branches indicate ML bootstrap support
values, with values below 60% not shown. Species
names (reflecting current nomenclature; Guiry
and Guiry 2022) are followed by GenBank acces-
sion numbers, the origin of the sample, and a
number indicating the reference: 1- Fort et al.
(2022); 2- Hayden and Waaland (2004); 3- Hay-
den et al. (2003); 4- Heesch et al. (2009); 5-
Heesch et al. (2021); 6- Hiraoka et al. (2003); 7-
Ichihara et al. (2013); 8- Ichihara et al. (2015); 9-
Kawai et al. (2021); 10- Kirkendale et al. (2013);
11- Kraft et al. (2010); 12- Krupnik et al. (2018);
13- Loughnane et al. (2008); 14- Mares et al.
(2011); 15- Massocato et al. (2022); 16- Ogawa
et al. (2013); 17- Saunders and Kucera (2010); 18-
Shimada et al. (2003); 19- Spalding et al. (2016);
and 20- this study (new sequences set in bold).

Table S1. Mean � standard deviation values of
relative growth rate (RGR; d−1), tissue N (%), tis-
sue C (%), and water content (WC; %) for Ulva
compressa and U. lacinulata cultivated under differ-
ent conditions of temperature (Temp; °C), pho-
toperiod (L:D; h), and biotic interaction (BI;
monoculture -Mono- or co-culture -Co-cult-).
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