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Abstract
Short-term N-NH4

+ and N-NO3
- removal by U. pseudorotundata under different initial nutrient concentrations and biomass stocking densities, monitoring in

parallel photosynthetic parameters obtained by Pulse-Amplitude-Modulation (PAM) Fluorometry of chlorophyll-a and evaluating biomass characteristics (CHN,
proteins, carbohydrates) was investigated. The results showed that U. pseudorotundata cultivated under solar radiation in a land-based out-door pilot scale
was e�cient in removing N-NH4

+ and N-NO3
- even in concentrations as high as 500 µmol L ¹ ensuring complete water remediation in a period of 24 h and in

all experimental conditions tested, although differences were observed depending on the stocking density and type of N-source. Treatments with N-NH4
+

showed faster N removal than those with N-NO3
-, however, treatments with N-NO3

- demanded more photosynthetic energy. Part of the ammonium removed in
the respective treatments may have been volatilized as a combined effect of the pH increase related to photosynthesis and aeration in the tanks. The results
presented here establish the fundamental parameters for the use of U. pseudorotundata as a bio�ltering organism for e�uents with high concentrations of N-
NH4

+ and N-NO3
-.

Highlights
Ulva pseudorotundata was able to remove almost 100% of nitrogen in just 24 h, in a land based pilot scale, and under a variety of conditions, being an
excellent candidate as bio�lter in aquaculture systems.

PAM �uorometry was useful to differentiate algal metabolic responses under different types of nitrogen source.

Biochemical characteristics of the biomass did not show signi�cant differences between the beginning and end of the experiments, even grown under
different conditions.

Introduction
Nutrient discharge plays an important role in natural ecosystems, particularly when considering anthropogenic impacts on water resources (Le Moal et al.
2019). Considering different nutrient elements, nitrogen and phosphorus are present in high concentrations in aquaculture e�uents and the discharge in the
natural environment can produce negative impacts (Herath and Satoh 2015). In the context of aquaculture, depending on factors such as species type, size of
culture organism, stocking density and feeding rate, about 52–95% of N and 85% of P content in the feed can be wasted into the environment (Wu 1995). The
disposal of these nutrients not only represents an economic and sanitary problem that raises production costs and requires regular water changes in land-
based systems, but also an environmental problem leading to eutrophication of adjacent areas (Naylor et al. 2021). As the production of aquatic animals as
food (mainly as protein and fatty acid source) tends to increase in the next few decades (FAO 2020), these problems will be exacerbated unless new strategies
are adopted to make animal aquaculture more sustainable. The application of seaweeds as bio�lters to remove nutrient loads can become an environmentally
friendly practice, especially when associated with aquaculture �sh production (Buschmann et al. 2001; Chopin et al. 2001; Troell et al. 2003; Neori et al. 2004).
Moreover, seaweed biomass is a source of valuable compounds that can be used in a huge range of biotechnology processes and increase the overall
pro�tability of aquaculture activities (Barceló-villalobos et al. 2017; Ferdouse et al. 2018; Vega et al. 2020; Kalasariya et al. 2021). Considering this, the
fundamental understanding of the physiological mechanisms behind bio�ltration and photosynthetic performance of seaweeds is essential for growth
optimization, enhancement of bio�ltration capacity and also to improve management practices of aquaculture e�uents treatment systems.

Nitrogen in inorganic forms is present in aquaculture e�uents especially as ionic forms of ammonium (NH4
+) and nitrate (NO3

−), which are taken into the cell

and stored by seaweeds through different mechanisms (Roleda and Hurd 2019). NO3
− is described to be taken up by active transport, which occurs against a

concentration gradient provided by mechanisms on membrane transport systems, e.g. carrier proteins, and is energy dependent (Harrison and Hurd 2001). In
contrast, NH4

+ uptake is reported to be through passive transport and demands less energy since it enters cells by passive diffusion down a concentration

gradient (Hurd et al. 2014). Assimilation and storage of NO3
− and NH4

+ also differ from each other. Studies indicate that once inside the cell, NH4
+ is not

stored in large concentrations and is immediately metabolized to amino acids through glutamine and glutamate synthase in the chloroplasts (Taylor and Rees
1999). NO3

− can be stored in its inorganic form in cellular vacuoles and the cytoplasm, or get converted into NH4
+ involving activity of two enzymes: nitrate

and nitrite reductases (Roleda and Hurd 2019). Regulation of this enzymatic pathway is associated with electron transport rates of photosynthesis via the
formation of reductant power compounds (NADPH and ferredoxin) (Huppe and Turpin 1994). Consequently, it is suggested that NO3

− uptake and assimilation
is an energy-dependent process which requires energy from the photochemical reactions of photosynthesis (Pritchard et al. 2015).

Measurements that assess photosynthetic performance of land-based cultivated seaweeds allow fundamental understanding of their physiological status
and capacity to respond to stress events, becoming an essential tool to understand the growth conditions in any production system (Figueroa et al. 2006).
Photosynthetic activity in aquatic organisms can be estimated by quantifying the accumulation of organic carbon or the production of O2 nonetheless, those

methods require laborious techniques e.g. speci�c optodes, clark type electrodes, chemical titration, radiolabeled 14C inorganic carbon, or Membrane Inlet
Mass Spectrometry. An alternative and complementary methodology is the estimation of quantum yields from chlorophyll �uorescence using Pulse Amplitude
Modulation (PAM) (Maxwell and Johnson 2000). The PAM, designed to measure the in vivo chlorophyll a �uorescence of photosystem II (PSII), has become a
widely-used technique to study algal physiology since it is rapid, non-intrusive and easily usable in situ (Masojídek et al. 2011; Jerez et al. 2016). The PAM in
vivo chlorophyll a �uorometers enable quantifying the performance of photosystem II (photochemical) and the relative loss of light dissipated energy (non-
photochemical processes). Several photosynthetic parameters can be estimated using PAM: effective quantum yield (ΔF/F’m), as an indicator of the
acclimation of PSII, due to the redox state of the reaction centers; the optimal or maximal quantum yield of PSII (Fv/Fm), which indicates the maximal
photochemical e�ciency of PSII, and also the physiological state of the culture and photoinhibition; electron transport rate (ETR) through PSII, used as an



Page 3/26

estimator of photosynthetic capacity and productivity (Maxwell1 and Johnson 2000). The use of PAM to estimate photosynthetic activity has been described
for different microalgae and seaweed culture systems (Pinchetti et al. 1998; Celis-Plá et al. 2021; Rearte et al. 2021). Moreover, aspects obtained by
�uorescence parameters could infer culture performance associated with bio-optical properties of the organisms. Stress can be detected by the variations of
PAM-associated variables as decrease of Fv/Fm and maximal ETR, allowing estimation of photoinhibition (Mata et al. 2006). Moreover, �uorescence
parameters are usable to estimate energy loses, such as those linked to non-photochemical mechanisms (Figueroa et al., 2020).

Among the seaweed species used as bio�lters Ulva genus stands out since, in addition to being highly e�cient in removing nutrients from the water (Copertino
et al. 2009; Al-Hafedh et al. 2014; Macchiavello and Bulboa 2014), it also has a fast growth rate, wide geographical distribution (Mantri et al. 2020) and
potential for biomass application (Benjama and Masniyom 2011; Shpigel et al. 2017, 2018; Kidgell et al. 2019). Several authors have reported aspects of
chlorophyll a measurements in order to elucidate Ulva spp. metabolism and nutrient uptake (Gordillo et al. 2003; Fan et al. 2014; Shahar et al. 2020). In this
connection it is important to verify the possible in�uence of different N-sources present in �sh e�uents (N-NH4

+ produced by animal metabolism and N-NO3
−

generated after bacterial nitri�cation) on algal physiology, as determined by different photosynthetic parameters, and on biomass characteristics, obtained by
elemental and biochemical analyses. In the present article we evaluated the performance of U. pseudorotundata in removing N-NH4

+ and N-NO3
− as its sole

nitrogen source in levels above reported from �sh tanks in a cycle of 24 hours under outdoor conditions. Simultaneous measurements of nutrient bio�ltration
capacity and photosynthetic performance were carried out, as well as their effects on biomass composition, in a land based out-door pilot-scale cultivation,
considering different initial biomass and nutrient concentrations.

Material And Methods
Algal biomass collection and experimental design

Floating specimens of Ulva pseudorotundata Cormaci, G.Furnari & Along were collected from the salt marshes in the bay of Cádiz (36°29'-36º30'N,
6º8'-6º10'W) Andalucía Province, Spain in June and October, 2020. The biomass was transported in thermal boxes, protected from light, to the Grice
Hutchinson research center at the Universidad de Málaga where algae cultivation and experiments were conducted. The seaweed was cleaned to remove
epiphytes, epibionts and sediments. Ulva biomass was then cultivated in 500 L rectangular-shaped tanks containing arti�cial seawater and supplemented
twice a week with NH4Cl and KNO3 (300 µmol L− 1) and KH2PO4 (48 µmol L− 1). The salinity and pH of the seawater used for the maintenance were 35 and 8.0
± 0.2, respectively. Seaweed biomass was grown suspended in the water column by air diffusers situated at the bottom of each tank under ambient conditions
of temperature and light. After collection, some small pieces of algal material were separated for species-level identi�cation using molecular methods.

The experiments of bio�ltration capacity and photosynthetic performance of U. pseudorotundata were conducted in batches of 24 hours. All experiments
started at 9:00 am (local time) and tanks were exposed to full sunlight. Temperature and irradiance (Photosynthetic Active Radiation, PAR) in the tanks were
recorded every 15 minutes using HOBO Pendant® Temperature/Light Data Logger (UA-002-64). Integrated daily irradiance (kJ m− 2) was calculated from PAR
data to obtain total light energy received by cultures during experimental time. At the end of the experiments new pH measurements were taken in each tank to
estimate the overall variation. The abiotic parameters of pH, salinity (35.8 ± 2.0) and conductivity (54.6 ± 2.8 mS) were measured using a portable devices
(LAQUAact PH110, LAQUAact-EC120). At the beginning of each series of experiments, U. pseudorotundata biomass, previously submitted to starvation period
(without added N and P), was weighed at initial stocking densities of 6.0 and 10.0 g fresh weight (FW) L− 1 and placed into three replicate tanks (n = 3) with
200 L seawater medium under above mentioned culture conditions. The seaweed stocking densities used in this study was chosen based on the high uptake
e�ciency in removing N-NH4

+, N-NO3
−, and P-PO4

3− by Ulva lactuca in similar stocking densities when cultivated in outdoor conditions and receiving discharge
water from an abalone culture center (Macchiavello and Bulboa 2014).

To evaluate the effects of nutrient removal and photosynthetic performance, three concentrations of each N-source (NH4
+ or NO3

−) were used separately: 150,

300 and 500 µmol L− 1. Those concentrations were chosen based on data reported in �sh tanks by Figueroa et al. (2012) and Abreu et al. (2011) with N-NH4
+

and N-NO3
−, with maximum values ranged from 200 µmol L− 1 and 450 µmol L− 1. Nutrient’s concentrations were obtained by adding NH4Cl as a source of

ammonium and KNO3 as a source of nitrate. To avoid P shortage of nitrogen uptake in the higher N concentrations (500 µmol L− 1) an approximate rate of

17:1 (Provasoli et al. 1957) was obtained by adding 29 µmol L− 1 PO4
3− (KH2PO4) in all treatments. To evaluate the removal of N-NH4

+ and N-NO3
− over time, a

10 mL water sample was taken from each tank after 60, 180, 300, 420 and 1440 minutes from the beginning of the experiment. Water samples were �ltered
(GF/F Whatman) and stored at − 20°C in polyethylene �asks for later analysis. In the meantime, chlorophyll �uorescence measurements were used to
determine the photosynthetic performance of algal samples.

Nutrient analysis

To determine changes in concentration of N-NH4
+ and N-NO3

−, water samples were analyzed colorimetrically using a continuous �ow automated analyzer
(Technicon AA-2). The reduction in nutrient concentration between the time intervals is expressed as a percentage and de�ned as nutrient uptake e�ciency
(NUE) and was calculated by Eq. 1 assessing the changes in N-NH4

+ and N-NO3
− concentrations:

NUE(\%) = 100 −
Ct+1 × 100

Ct

1

[( )]
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where Ct represents the initial concentration of nutrients, Ct+1 represents the concentration of nutrients after t + 1. The amount of nutrients removed per unit of

time per volume by seaweed dry weight represent the nutrient uptake rate (NUR) and is determined from changes in N-NH4
+ and N-NO3

− according to Eq. 2:

NUR μmolg −1DWh −1 =
Ct × Vt − Ct+1 × Vt+1

B × Δt

2
where Ct represents the initial concentration of nutrients, Vt represents the initial volume of water (in L), Ct + 1 represents the concentration of nutrients after t 
+ 1, Vt + 1 represents the volume of water after t + 1 (in L); B represents the dry biomass used (in grams), and Δt represents the time interval between t and t + 1
(in hours).

Photosynthetic performance

To evaluate the photosynthetic performance of U. pseudorotundata, in vivo chlorophyll a �uorescence was measured using two different �uorometers, a
Pocket-PAM (Gademann Instruments, Würzburg, Germany) and a Junior PAM (Walz GmbH, Effeltrich Germany) connected to a PC running WinControl
software.

In-situ estimation of Electron Transport Rate

Electron Transport Rates in situ (ETRsitu) were measured by Pocket-PAM, at the beginning and end of the experiment, corresponding to the time 15 and 1440
min. Measurements were done using �ve samples (pseudoreplication) from each tank. Effective quantum yield of Photosystem II (PSII) was calculated using
Eq. 3:

ΔF′
Fm′ =

Fm′ − F′

Fm′

3
and was automatically obtained with the Pocket PAM, where Fm’ is the maximum �uorescence in light induced by a saturating pulse, and F’, the basal
�uorescence emitted by an organism pre-acclimated to light conditions. Absorptance of the algal thallus was calculated as A = 1-T, as reported by Figueroa et
al. (2009), where T is the transmittance estimated by the Eq. 4:

T =
Et
Eo

4
where Eo is the incident irradiance of a lamp determined by a sensor Li-189 (LI-COR Ltd, Nebraska, USA) connected to a radiometer Li-250 (LI-COR Ltd,
Nebraska, USA), and Et is the transmitted irradiance, measured by placing a small piece of the thallus above the PAR sensor. ETRsitu was calculated using
Eq. 5 (Genty et al. 1989):

ETRsitu μmolelectronsm −2s −1 =
ΔF′
Fm′ × EPAR × A × FII

5
where ETRsitu is the electron transport rate associated with Photosystem II (µmol electrons m− 2 s− 1); ΔF’/Fm’ is the effective quantum yield of Photosystem II;

EPAR was the PAR irradiance (µmol photons m− 2 s− 1) obtained by HOBO at the same time of the measurements; A was the Absorptance of the algal thallus;
and FII represents the fraction of cellular chlorophyll a associated with the light harvesting complex of PSII being 0.5 the value green algae (Grzymski et al.
1997).

Ex-situ (laboratory) measurements of Rapid light-responses curves

Rapid light curves (RLC) were determined using the Junior-PAM and data were obtained at four moments corresponding to 15, 180, 420 and 1440 minutes of
experiment. Samples of U. pseudorotundata were transported under dark conditions from the outdoor tanks to the laboratory and kept at least 15 min in
darkness. The optimal quantum yield (Fv/Fm), an indicator of maximal quantum e�ciency, was obtained from the �rst saturating pulse after a dark period
and determined by the Eq. 6:

Fv
Fm

=
Fm − F0

F0

6
where F0 is the initial �uorescence of PSII; Fm is the maximal �uorescence of PSII after a saturating light pulse (0.4 s, approx. 9000 µmol photons m− 2 s− 1),
and Fv is the variable �uorescence corresponding to the difference between Fm and F0.

( ) ( ) ( )

( )

( )

( )
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Next, to estimate the electron transport rate (ETR), the same samples were exposed for 30s to twelve increasing irradiances (25, 45, 66, 90, 125, 190, 285, 420,
625, 845, 1150, and 1500 µmol photons m− 2 s− 1) of actinic light followed by a saturating light pulse. ETR was calculated using Eq. 7 after the exposure of
each light irradiance.

ETR(II) = μmolelectronsm −2s −1 =
ΔF′
Fm′ × EPAR × A × FII

7
ETR versus irradiance obtained from light curves were �tted according to Eilers and Peeters (1988) models to estimate the variables of maximum electron
transport rates (ETRmax) and photosynthetic e�ciency ( ETR).

Elemental and biochemical analysis of the biomass

At the beginning and end of each experimental batches, biomass was collected from all treatments, washed with MiliQ-water to remove salt, freeze-dried, and
2 mg were submitted for carbon, hydrogen, and nitrogen content analyses using a LECO CHNS-932 elemental analyser (Michigan, USA) in the Research
Support Central Services (SCAI, University of Málaga, Spain). C, H and N values were expressed as percentage of dry mass and the C:N ratio was determined.
Protein content was estimated according to Shuuluka et al. (2013) by multiplying the total N by a factor of 5.45. Carbohydrate content was colorimetrically
measured according to Dubois et al. (1956).

Data analysis
The data from each treatment were tested for normality (Shapiro–Wilk’s test) and homogeneity of variance (Cochran’s test). Since assumptions were obtained,
data from nutrient analysis (changes in concentrations, NUE and NUR) were analyzed with repeated measures analysis of variance (RM ANOVA). For data
obtained from photosynthesis coe�cients a factorial ANOVA was performed to evaluate interactions between N-source (two levels: N-NH4

+ and N-NO3
−),

nutrient concentrations (three levels: 150, 300, and 500 µmol L− 1), biomass densities as factors (two levels: 6 and 10 g L− 1), and incubation time. Data from
elemental and biochemical analyses were submitted to a factorial ANOVA to assess what were the factors in�uencing data variability of initial and �nal
biomass composition. In both ANOVAs, the factors utilized were N-source, nutrient concentrations, and initial biomass concentration. When signi�cant
differences were observed (p < 0.05), the Student-Newman-Keuls (SNK) multiple post hoc comparison test was applied. Statistical analyses were performed
using STATISTICA 12 software (StatSoft, Inc. 2011).

In an attempt to visualize in a more integrated way the relationships between the multiple variables and parameters determined in each experiment, a principal
component analysis (PCA) was performed based on a correlation matrix of the data, using PAST software, version 3.2 (Hammer et al. 2001). The variables
that composed the matrix were: NUR and NUE at 60, 180, 300, 420 and 1440 min of experiment, ETRsitu at 15 and 1440 min of experiment, ETRmax and Fv/Fm

at 15, 180, 420 and 1440 min of experiment, C:N ratio, percentage of carbohydrates and percentage of protein in the initial and �nal times of the experiment.
Some variables were removed from the �nal analysis because they had low loadings on the �rst two principal component axes (average daily temperature,
average daily pH, integrated daily irradiance) or because they were collinear with other variables (CNH contents). All data were transformed by
logarithmization to reduce the amplitude of values of the different variables. Since the PCA analysis does not present signi�cance data (p), a Pearson
correlation analysis was also performed among the same data used in the PCA. Correlations were considered signi�cant if p < 0.05.

Results
Abiotic parameters

The average irradiance value recorded during the day considering all the experiments was 145.52 ± 20.65 µmol photons m− 2 s− 1 and the total light energy
received by the cultures varied between 938.89 and 1,552.19 kJ m− 2 The water temperature in the algae tanks varied between 10.72°C and 23.85°C, with a
global average value of 16.43 ± 2.92°C. Irradiance and temperature evolution during the experiments can be seen in Supplementary Material (Fig. S1). The
�nal pH was signi�cantly in�uenced by the interaction of nitrogen source and initial nitrogen concentration (ANOVA: F(2) = 113.5, p < 0.001, table S1). The
values varied from 8.15 to 8.58 for treatments with N-NH4

+ and from 8.40 to 9.82 for treatments with N-NO3
− (Fig. S2).

Nutrient removal

Considering the total experimental time of 1440 min (24 h), the reduction of nitrogen nutrients was complete for both N-NH4
+ and N-NO3

− treatments (Fig. 1).

However, some differences were visible and statistically signi�cant (Tables 1, S1, S2). The reductions were more abrupt in the treatments with N-NH4
+ (Fig. 1a,

b), especially in the �rst 60 min and at the lowest initial concentration (150 µmol L− 1). Regarding the biomass density, the reductions were greater in the
treatments with 10 g L− 1 (RM ANOVA, SNK; p < 0.001). In treatments with N-NO3

− (Fig. 1c, d) the smoothest pattern of reduction was similar between
treatments with different initial biomass densities, following almost linear trends. These results were in�uenced by the interaction between the factors initial
concentrations, exposure time and biomass densities (RM ANOVA: N-NH4

+ = F(10) = 52.9, p < 0.001; N-NO3
− = F(10) = 4.3, p < 0.001).

By analyzing the nutrient removal e�ciency (NUE) data, the nutrient removal patterns become clearer (Fig. 2). For treatments with 6 g L− 1 of N-NH4
+, the

removal reaches 90% already at 180 min in the case of the initial concentration of 150 µmol L− 1, and at 300 min for concentrations of 300 and 500 µmol L− 1

(Fig. 2a). In treatments with 10 g L− 1 of N-NH4
+ the removal reaches 90% in 180 min for the initial concentrations of 150 and 300 µmol L− 1 (RM ANOVA, SNK;

p > 0.100), taking a little longer (300 min) for the concentration of 500 µmol L− 1 (Fig. 2b). In contrast, for N-NO3
− treatments, both biomasses presented similar

( )



Page 6/26

removal e�ciencies and no signi�cant difference was observed in 60 min (RM ANOVA, SNK; p > 0.600) (Fig. 2c, d). For 6 g L− 1, removal e�ciencies above 90%
were only observed at 1440 min with 150 and 500 µmol L− 1 and at 420 min with 300 µmol L− 1 (RM ANOVA, SNK; p > 0.900) (Fig. 2c). In a similar manner,
when biomass density was 10 g L− 1 this removal e�ciency was only reached after 1440 min (RM ANOVA, SNK; p > 0.700) (Fig. 2d).

The nutrient uptake rates (NUR) also exhibited different patterns for the different N-sources (Fig. 3). For N-NH4
+ values decreased continuously over time for

both biomass densities used (Fig. 3a, b). In treatments with 6 g L− 1 of biomass similar results were showed throughout the experiment for initial
concentrations of 150 and 300 µmol L− 1, and a decay was observed from a maximum of 149.8 ± 10.0 µmol g− 1 DW h− 1 to a minimum of 7.7 ± 0.2 µmol g− 1

DW h− 1 between 60 and 1440 min of experiment (Fig. 3a). For initial concentrations of 500 µmol L− 1 a maximum uptake rate of 180.4 ± 7.3 µmol g− 1 DW
min− 1 was observed after 60 min and a minimum value of 26.0 ± 0.0 µmol g− 1 DW h− 1 was observed at the end of the experiment (Fig. 3a). A similar pattern
was observed for treatments with 10 g L− 1 of biomass (Fig. 3b). The maximum uptake rates occurred after the �rst 60 min of the experiment for
concentrations of 500 µmol L− 1 (193.0 ± 4.2 µmol g− 1 DW h− 1), followed by concentrations of 300 µmol L− 1 and 150 µmol L− 1 (106.4 ± 2.5 µmol g− 1 DW
min− 1) (Fig. 3b). At the end of the experiment, the uptake rate decreased to minimum levels of 4.7, 9.4 and 15.6 µmol g− 1 DW h− 1, respectively for the three
initial concentrations used.

In contrast, the uptake rate of cultures treated with N-NO3
− showed a different trend. The values in the initial 60 min were low when compared to the

treatments with N-NH4
+ (14.3 ± 3.7 µmol g− 1 DW h− 1 in cultures with 150 µmol L− 1 and 45.6 ± 0.19 µmol g− 1 DW h− 1 in cultures with 300 and 500 µmol L− 1),

increasing a little between 180 and 300 min, decreasing again thereafter (Fig. 3c, d). The values did not show statistical differences among the factors:
nutrient’s initial concentrations, biomass densities, and time (RM ANOVA: N-NO3

− = F(4) = 6.68, p < 0.001). For cultures with biomass density of 6 g L− 1, N-NO3
−

uptake rate rose initially from 60 min to 180 min, with small variation in values up to 300 min, decreasing progressively until the end (1440 min) (Fig. 3c).
Maximum value of 63.3 ± 1.8 µmol g− 1 DW h− 1 was reached at 180 min by the treatment with 300 µmol L− 1 (Fig. 3c). For cultures with 10 g L− 1 of biomass,
the N-NO3

− uptake rate occurred at an almost constant rate (between 12.3 ± 5.1 and 10.3 ± 1.7 µmol g− 1 DW h− 1) in incubations with 150 µmol L− 1, decreasing

at the end to 4.4 ± 0.2 µmol g− 1 DW h− 1 (Fig. 3d). In incubations with 300 and 500 µmol L− 1 of N-NO3
− the maximum uptake rates occurred after 180 min

reaching values of 35.0 ± 4.8 and 38.4 ± 6.6 µmol g− 1 DW h− 1. At the end of the experiment, the same treatments decreased to 9.4 and 15.6 µmol g− 1 DW h− 1,
respectively.
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Table 1
Repeated measures ANOVA effects on nutrient’s concentrations (umol L ¹), uptake e�ciency (%),

and uptake rate (g-1 DW h-1) of U. pseudorotundata. Data are shown under diferent nutrient’s
initial concentrations (N-NH4

+ or N-NO3
- : 150, 300, and 500 umol L ¹), Ulva’s biomass densities

(FW 6 g L ¹ and FW 10 g L ¹), and time (0, 60, 180, 300, 420, and 1440 minutes) conditions. df:
degree of freedom; F: F-statistic. The signi�cance differences (p < 0.05) are shown in bold.

    Nutrient's concentrations        

Nutrient source N-NH   N-NO

Source   df F p   F p

Nutrient's initial concentration (1) 2 5286.85 0.00   1199.24 0.00

Biomass density (2) 1 722.03 0.00   0.78 0.40

(1) x (2)   2 141.36 0.00   4.57 0.03

Time (3)   5 13946.14 0.00   2824.30 0.00

(1) x (3)   10 1751.11 0.00   315.48 0.00

(2) x (3)   5 284.74 0.00   3.29 0.01

(1) x (2) x (3) 10 52.90 0.00   4.29 0.00

    Nutrient's uptake e�ciency      

Nutrient's initial concentration (1) 2 402.26 0.00   39.29 0.00

Biomass density (2) 1 643.13 0.00   3.37 0.09

(1) x (2)   2 51.66 0.00   3.31 0.07

Time (3)   4 1955.09 0.00   1084.90 0.00

(1) x (3)   8 231.04 0.00   23.81 0.00

(2) x (3)   4 196.69 0.00   4.15 0.01

(1) x (2) x (3) 8 20.05 0.00   2.20 0.04

    Nutrient's uptake rate        

Nutrient's initial concentration (1) 2 1895.27 0.00   89.05 0.00

Biomass density (2) 1 553.66 0.00   80.52 0.00

(1) x (2)   2 8.10 0.01   4.71 0.03

Time (3)   4 4673.01 0.00   78.36 0.00

(1) x (3)   8 74.42 0.00   6.58 0.00

(2) x (3)   4 46.14 0.00   6.68 0.00

(1) x (2) x (3) 8 33.07 0.00   1.41 0.21

Photosynthetic performance

In-situ estimation of Electron Transport Rate

Photosynthetic Electron Transport Rates (ETR) through PSII measured in situ (Fig. 4) were signi�cantly affected by the interaction of N-source, nutrient
concentrations, and time (ANOVA: F(2.0) = 13.74, p < 0.001, Table 2). Then, considering this interaction, a signi�cant decay on ETRsitu was veri�ed in the
concentrations of 150 and 300 µmol L− 1 from 15 min to 1440 min using N-NH4

+ as a source of nutrient (ANOVA, SNK; p < 0.001). For N-NO3
−, in the same time

interval, a decay on ETRsitu was observed for the concentration of of 300 µmol L− 1 (ANOVA, SNK; p < 0.001) and no statisticaly diference was observed for
treatments of 150 µmol L− 1 (ANOVA, SNK; p = 0.09) and 500 µmol L− 1 (ANOVA, SNK; p = 0.13).
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Table 2
Multifactorial ANOVA effects on ETRsitu of U.

pseudorotundata, using a Pocket-PAM �uorometer. Data are
shown under diferent Ulva’s biomass densities (FW 6 g L ¹
and FW 10 g L ¹), nutrient’s source (N-NH4

+ and N-NO3
-),

nutrient’s initial concentrations (N-NH4
+ or N-NO3

-; 150, 300,
and 500 umol L ¹), and time (15 and 1440 minutes)
conditions. df: degree of freedom; F: F-statistic. The

signi�cance differences (p < 0.05) are shown in bold.
Variable   ETRsitu  

Source   df F p

Biomass density (1) 1 590.85 0.00

Nutrient source (2) 1 19.06 0.00

Nutrient's initial concentration (3) 2 157.41 0.00

Time (4)   1 83.46 0.00

(1) x (2)   1 1.48 0.22

(1) x (3)   2 212.26 0.00

(2) x (3)   2 59.97 0.00

(1) x (4)   1 54.85 0.00

(2) x (4)   1 13.31 0.00

(3) x (4)   2 11.25 0.00

(1) x (2) x (3) 2 58.65 0.00

(1) x (2) x (4) 1 3.92 0.05

(1) x (3) x (4) 2 1.43 0.24

(2) x (3) x (4) 2 13.74 0.00

(1) x (2) x (3) x (4) 2 0.86 0.42

Ex-situ rapid light-responses curves

The maximal quantum yield (Fv/Fm), which is used as a sensitive indicator of seaweed photosynthetic performance, was signi�cantly affected (ANOVA:
Fv/Fm = F(6) = 3.58, p < 0.05) by the interaction among U. pseudorotundata biomass density, nutrient concentrations and time, but no signi�cant difference
(ANOVA, p = 0.52) was found between the different N-source treatments (Fig. 5, Table 3). The Fv/Fm signi�cantly decreased after 420 min of experiment just
for cultures with 6 g L− 1 of biomass, cultivated on 150 µmol L− 1 of nutrients. At this point, the minimal value of Fv/Fm observed was 0.35 ± 0.11.

Maximal electron transport rate (ETRmax), described as an indicator of photosynthetic capacity, was in�uenced by a signi�cant interaction (ANOVA: F(6.0) = 
6.46, p < 0.05) among N-source, nutrient concentrations and time, but not by biomass density (ANOVA: F(6.0) = 0.65, p = 0.69; Fig. 6, Table 3). In an overview,
the ETRmax showed the lowest values in the N-NH4

+ treatments at 15 min of the experiment, although some data at later times, especially among N-NH4
+

treatments, did not show signi�cant differences.

The αETR, considered as a descriptor of photosynthetic e�ciency, was signi�cantly affected by the interaction among biomass density, nutrient concentration
and time (ANOVA: αETR = F(6) = 3.60, p < 0.05, Table 3) (Fig. 7), but no signi�cantly difference (ANOVA, p = 0.59) was found between the different N-source
treatments. Data obtained from αETR showed a slight decrease at evening (420 min) for the treatment 150 µmol L− 1 and 6 g L− 1 of biomass.
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Table 3
Multifactorial ANOVA effects on photosynthetic parameters of U. pseudorotundata. Data are shown
under different Ulva’s biomass densities (6 g L ¹ and 10 g FW L ¹), nutrient’s source (N-NH4

+ and N-
NO3

-), nutrient’s initial concentrations (150, 300, and 500 umol L ¹), and time (15, 180, 420, and 1440
minutes) conditions. df: degree of freedom; F: F-statistic. The signi�cance differences (p < 0.05) are

shown in bold.
Variables   Fv/Fm     ETRmax   αETR  

Source df F p   F p   F p

Biomass density (1) 1 6.18 0.01   10.89 0.00   3.66 0.06

Nutrient source (2) 1 0.00 0.99   176.89 0.00   1.10 0.30

Nutrient's initial concentration (3) 2 2.20 0.12   5.37 0.01   2.19 0.12

Time (4) 3 11.38 0.00   7.17 0.00   12.13 0.00

(1) x (2) 1 4.29 0.04   0.76 0.39   7.42 0.01

(1) x (3) 2 1.15 0.32   6.42 0.00   2.41 0.10

(2) x (3) 2 9.60 0.00   5.83 0.00   16.36 0.00

(1) x (4) 3 0.11 0.96   0.49 0.69   0.36 0.78

(2) x (4) 3 7.45 0.00   6.29 0.00   5.82 0.00

(3) x (4) 6 0.51 0.80   0.94 0.47   1.70 0.13

(1) x (2) x (3) 2 0.44 0.64   0.04 0.96   0.24 0.79

(1) x (2) x (4) 3 0.91 0.44   1.17 0.32   0.67 0.57

(1) x (3) x (4) 6 3.58 0.00   1.09 0.37   3.60 0.00

(2) x (3) x (4) 6 1.03 0.41   6.46 0.00   1.60 0.16

(1) x (2) x (3) x (4) 6 0.87 0.52   0.65 0.69   0.78 0.59

Elemental and biochemical composition

The elemental composition of U. pseudorotundata biomass at the initial time of the experiments presented signi�cant variability related to the combined
conditions used (signi�cant interaction among the factors nitrogen source, initial nutrient concentration and initial algae biomass) (Table 4, Fig. 8a).
Regarding the initial carbon content, the values   ranged from 30.7 to 36.5% under N-NH4

+ and from 32.1 to 35.5 under N-NO3
−. However, there was no

signi�cant difference in the �nal carbon values   between the treatments, which presented a general average value of 32.3 ± 2.7% (ANOVA: F(2) = 0.07, p = 0.94,
Table 4, Fig. 8b). Initial nitrogen content also showed differences among treatments (ANOVA: F(2) = 3.92 p < 0.05, Table 4, Fig. 8b), but �nal values   showed
signi�cant differences only for nitrogen source (ANOVA: F(1) = 37.02 p < 0.05, Table 4, Fig. 8b). The initial values   ranged from 2.5 to 3.8% in the experiments
treated with N-NH4

+, and from 3.8 to 4.6% in the experiments treated with N-NO3
−, and the �nal values were lower in treatments with N-NH4

+ (3.1% ± 0.5 SD)

than   for those with N-NO3
− (4.0% ± 0.4 SD). The initial hydrogen content, in turn, varied signi�cantly between 4.4 and 5.4% for treatments with N-NH4

+ and

between 5.7 and 6.3% for treatments with N-NO3
− (ANOVA: F(2) = 10.47 p < 0.05, Table 4, Fig. 8b). The �nal values were in�uenced only by the nitrogen source

(ANOVA: F(1) = 6.62 p < 0.05, Table 4, Fig. 8b), with lower values for N-NH4
+ treatments (5.23% ± 0.2 SD) when compared to N-NO3

− treatments (5.43% ± 0.2

SD). Finally, the C:N ratio also showed signi�cantly different initial values   ranging from 9.5 to 14.5 in the treatments with N-NH4
+ and from 7.8 to 9.2 in the

treatments with N-NO3
− (ANOVA: F(2) = 7.83 p < 0.05, Table 4, Fig. 8b). Final values were also in�uenced by nitrogen source with higher values for N-NH4

+

treatments (10.9 ± 1.4 SD) when compared to N-NO3
− treatments (7.9 ± 0.6 SD) (ANOVA: F(1) = 80.92 p < 0.05, Table 4, Fig. 8b). Regarding the biochemical

composition (Fig. 9), the protein content followed the same pattern described above for nitrogen content, since the protein value derives from this variable,
with initial values ranging from 13.7 to 20.9% for the treatments with N-NH4

+ and 20.5 to 25.1% for treatments with N-NO3
− (ANOVA: F(2) = 3.92 p < 0.05, Table

5, Fig. 9a). Final values, were lower for N-NH4
+ treatments (16.8% ± 2.5 SD) than for N-NO3

− treatments (22.0% ± 2.2 SD) (ANOVA: F(1) = 37.02 p < 0.05, Table
5, Fig. 9b). The initial carbohydrate concentration was not in�uenced by the interaction between nitrogen source, initial nutrient concentration and initial algae
biomass, with average values   of 36.9 (± 4.4 SD) for treatments with N-NH4

+ and 31.8 (± 6.0 SD) for treatments with N-NO3
− (ANOVA: F(2) = 0.14 p = 0.87, Table

5, Fig. 9a). At the end, the values   were in�uenced by the interaction between nitrogen source and algal biomass density (ANOVA: F(1) = 4.94 p < 0.05, Table 5),
being higher in treatments with N-NH4

+ (36.83% ± 6.14 SD) than in those treated with N-NO3
− (29.53% ± 5.34 SD), especially for initial algal biomass of 6 g L− 1

which reached 38.9% (Fig. 9b).
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Table 4
Multifactorial ANOVA effects for elemental composition of dried U. pseudorotundata biomass in the beginning and end of experiment cultivation in different

sources (N-NH4
+ and N-NO3

-), biomass densities (6 g L-1 and 10 g L-1), and nutrient initial concentrations: 150, 300, and 500 umol L-1. Content of the paramete
and hydrogen (H) are presented as their percentage of alga biomass. C:N ratio was obtained from the measurements of %C and %N. df: degree of freedom; F: 

differences (p < 0.05) are shown in bold.
Variables       %CB     %CE     %NB     %NE     %HB     %HE     C:NB

Source   df   F p   F p   F p   F p   F p   F p   F

Nutrient
source
(1)

  1   0.02 0.90   2.93 0.10   42.43 0.00   37.02 0.00   121.16 0.00   6.62 0.02   88.06

Nutrient's
initial
concentration
(2)

2   0.22 0.80   2.33 0.12   0.00 1.00   0.08 0.92   0.00 1.00   0.85 0.44   2.98

Biomass
density
(3)

  1   4.90 0.04   3.50 0.07   6.39 0.02   0.00 0.95   0.06 0.81   2.09 0.16   6.24

(1) x (2)   2   4.67 0.02   0.04 0.96   0.73 0.49   0.09 0.91   5.95 0.01   0.46 0.63   1.91

(1) x (3)   1   0.09 0.76   2.23 0.15   3.76 0.06   3.78 0.06   6.19 0.02   0.19 0.67   0.56

(2) x (3)   2   3.66 0.04   1.54 0.23   6.08 0.01   0.19 0.83   2.09 0.15   0.14 0.87   12.11

(1) x (2) x
(3)

  2   7.00 0.00   0.07 0.94   3.92 0.03   0.39 0.68   10.47 0.00   0.01 0.99   7.83

Table 5
Multifactorial ANOVA effects for biochemical composition of dried U. pseudorotundata biomass in the beginning and end of

experiment cultivation in different combinations of nitrogen sources (N-NH4
+ and N-NO3

-), biomass densities (6 g L-1 and 10 g L-1),
and nutrient initial concentrations: 150, 300, and 500 umol L-1. Content of the parameters: carbohydrate and protein are presented

as their percentage of alga biomass. Values are mean (± SD), n = 3. df: degree of freedom; F: F-statistic. The signi�cance
differences (p < 0.05) are shown in bold.

Variables       %Carb.B     %Carb.E   %Prot.B   %Prot.E  

Source   df   F p   F p   F p   F p

Nutrient source (1)   1   33.96 0.00   60.94 0.00   42.43 0.00   37.02 0.00

Nutrient's initial concentration (2) 2   46.83 0.00   52.56 0.00   0.00 1.00   0.08 0.92

Biomass density (3)   1   5.48 0.03   5.53 0.03   6.39 0.02   0.00 0.95

(1) x (2)   2   3.13 0.06   0.06 0.94   0.73 0.49   0.09 0.91

(1) x (3)   1   0.00 0.99   4.94 0.04   3.76 0.06   3.78 0.06

(2) x (3)   2   1.35 0.28   1.28 0.30   6.08 0.01   0.19 0.83

(1) x (2) x (3)   2   0.14 0.87   0.34 0.71   3.92 0.03   0.39 0.68

Principal Component Analysis

The PCA showed in an integrated way the main relationships among the variables determined in the experimental tanks. In the presented analysis (Fig. 10) the
�rst principal component explained 58.5% of the variance and the second component 23.3% of the variance. The �rst component axis clearly showed
differences between the treatments with N-NH4

+ and N-NO3
−, where the NUR at 60 min and NUE at 180 and at 300 min were the variables with greater load in

the treatments with N-NH4
+ (positive side of component 1). The initial and �nal C:N ratios also showed greater loads in the �rst component than in the second,

although with low values. In opposition, photosynthetic parameters like ETRsitu at 15 and 1440 min, ETRmax at 15 min and also initial and �nal protein

contents were higher for N-NO3
−, treatments (negative side of component 1). In the second principal component, NUR at 144, 180, 300 and 420 min showed

high loadings in the positive side of the axis, in opposition with Fv/Fm data and initial and �nal carbohydrate contents in the negative side of the axis.

Observing Pearson's correlation matrix among these variables (Table S10) it is possible to verify that most of the relationships described above based on PCA,
whether positive or negative, are statistically validated (p < 0.05), evidencing that the main trends shown in the PCA can be con�rmed.
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Table 6
Maximal removal e�ciency of nutrients by seaweed selected to play a role as bio�lter in different sorts of cultivation.

Species Type of cultivation Incubation
time

Nutrient source Nutrient
concentrations
(µmol.L− 1)

Nutrient uptake
e�ciency (%)

Reference

Ulva
pseudorotundata

outdoor conditions - closed
system

5 hours
(300 min)

NH Cl 500 µmol L ¹ > 90% Present work

    24 hours
(1440
min)

KNO 500 µmol L ¹ 100%  

Ulva clathrata outdoor conditions - �ow-
through system

15 hours Integrated with shrimp
e�uent (Litopenaeus
vannamei)

51 to 60 µmol
L ¹

82–85%TAN
(total
ammonia-N)

Copertino et al.
(2009)

      < 2.0 µmol L ¹ 50% phosphate  

Ulva lactuca outdoor conditions - �ow-
through system

- Integrated with �sh e�uent
(Oreochromis spilurus)

4.44 µmol L ¹ 97.54% TAN
(total
ammonia-N)

Al-Hafedhet al.
(2014)

      12 µmol L ¹ 16.4-24.03%
phosphate

 

Ulva lactuca outdoor conditions - �ow-
through system

- Integrated with �sh e�uent
(Haliotis rufescens)

0.889 ± 0.112
µmol L ¹

86–100%
ammonium

Macchiavello
& Bulboa
(2014)

      7.21 ± 0.47 µmol
L ¹

65–83% nitrate  

        0.97 ± 0.26 µmol
L ¹

13–65%
phosphate

 

Ulva ohnoi laboratory conditions - Algal
Turf Scrubber (ATS) system

24 hours
(1440
min)

NH Cl 182.94 µmol L ¹ 99.3%
ammonium

Salvi et al.
(2021)

    Na HPO ·7H O 92.3 µmol L ¹ 100%
phosphate

 

Ulva prolifera laboratory conditions -
closed system

48 hours KNO 194.8 ± 9.8 µmol
L ¹

99.24% nitrate Fan et al.
(2014)

      KH PO 25.8 ± 0.6 µmol
L ¹

91.30%
phosphate

 

Codium fragile laboratory conditions -
closed system

6 hours NH Cl 150 µmol L ¹ 99.5%
ammonium

Kang et al.
(2007)

Gracilaria
cervicornis

laboratory conditions -
closed system

5 hours NH Cl 5 µmol L ¹ 85.3%
ammonium

Carneiro et al.
(2011)

      KNO 5 µmol L ¹ 97.5% nitrate  

      KH PO 5 µmol L ¹ 81.6%
phosphate

 

Gracilaria
vermiculophylla

laboratory conditions -
closed system

4 hours NH Cl 150 µmol L ¹ 63%
ammonium

Abreu et al.
(2011a)

      NaNO 450 µmol L ¹ 33% nitrate  

Hydropuntia
cornea

outdoor conditions - �ow-
through system

- Integrated with �sh e�uent
(Sparus aurata)

10 to 200 µmol
L ¹

99.55% TAN
(total
ammonia-N)

Figueroa et al.
(2012)

  indoor conditions - �ow-
through system

  10 to 200µmol
L ¹

96.23% TAN
(total
ammonia-N)

 

Kappaphycus
alvarezii

indoor tanks - �ow-through
system

- Integrated with �sh e�uent
(Trachinotus carolinus)

4.4 ± 0.8 µmol
L ¹

70.54%
ammonium

Hayashi et al.
(2008)

      190.6 ± 23.7
µmol L ¹

18.2% nitrate  

      12.6 ± 2.7 µmol
L ¹

50.84% nitrite  

      15.2 ± 1.7 µmol
L ¹

26.76%
phosphate

 

Discussion
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In the present study we investigated the short-term of N-NH4
+ and N-NO3

− removal by U. pseudorotundata under different initial nutrient concentrations and
biomass densities, monitoring photosynthetic parameters and evaluating biomass characteristics. The results showed that U. pseudorotundata cultivated
under solar radiation in a land-based pilot scale was e�cient in removing N-NH4

+ and N-NO3
− even in concentrations as high as 500 µmol L ¹ ensuring

complete water remediation in all experimental conditions tested, although differences were observed depending on the stocking density and type of N-source.
Despite the fact that both nutrient sources were extinguished after 1440 min of incubation, N-NH4

+ was more e�ciently and removed. On the other hand, N-

NO3
− was more slowly removed, being completely eliminated only after 1440 min of incubation. This difference in uptake rate was re�ected in photosynthesis,

where a tendency towards an increase in photosynthetic parameters, especially for maximum electron transport rates (ETRmax), was observed when U.

pseudorotundata was incubated with N-NO3
−. The biomass characteristics, despite showing some heterogeneity at the beginning of the experiments, were at

the end similar between treatments with different nitrogen sources.

Regarding abiotic parameters monitored during the experiments, temperature and irradiance conditions re�ected the characteristics of the time of year in
which they were carried out (late autumn and beginning of winter in Southern Spain), with some differences between experiments related to meteorological
events. As the experiments lasted 24 h (1440 min), there were no large �uctuations in these variables during each experiment. On the other hand, the pH
increased throughout the experiments as a result of photosynthetic activity and showed differences related to the nitrogen nutrient source and its initial
concentration, with signi�cantly higher values for the treatments with N-NO3

−. The lower pH values for the ammonium treatments are partially related to the

acidic character of the ammonium chloride salt (NH4Cl), which was used as a source of N-NH4
+ (Barroso et al. 2006). Potassium nitrate (KNO3), which was

used as source of N-NO3
− does not have this acidic character resulting in greater increases in the pH of its treatments. In addition, the growth of algae in N-

NH4
+ generates a decrease in pH due to the release of H+ ions to the medium. In contrast, growth in N-NO3

− causes an increase in pH as a function of the

release of OH− ions (Raven and Smith 1976; Collos and Harrison 2014).

The two parameters used to evaluate nutrient removal evidenced the e�ciency of U. pseudorotundata for bio�ltration processes. While the NUE considers the
relative removal of nutrient by time in a speci�c experimental unit, the NUR represents the removal by time and by volume of water, normalized by the dry
mass of algae. NUE values   showed that N-NH4

+ removal reached about 97% after 300 min (5 h) of experiment, which is within the range of values   reported in
the literature for other marine algae species (Kang et al. 2008; Abreu et al. 2011a; Carneiro et al. 2011). Furthermore, these results corroborate those reported
for other Ulva species grown under lower initial concentrations of N-NH4

+ (Copertino et al. 2009; Al-Hafedh et al. 2014; Salvi et al. 2021) (Table 6). Regarding

N-NO3
−, U. pseudorotundata showed more than 60% of removal e�ciency after 420 min when cultivated at initial concentrations of 150 and 300 umol L− 1. An

equivalent e�ciency in the removal of N-NO3
− as the only source of N was observed by (Abreu et al. 2011a) when cultivating Gracilaria vermiculophylla with

50 mmol L− 1 of initial concentration. At the end of the experiment (24h) the removal of N-NO3
− reached up to 90% in the three initial concentrations tested.

Contrasting results were described by Fan et al. (2014) in experiments with U. prolifera cultured with 503 µmol L− 1 of initial concentration N-NO3
− showing a

maximum of 36.24% removal at the end of the experiment (48h).

Biomass stock density is a critical factor for bio�ltration systems as it has a direct in�uence on nutrient uptake e�ciency (Cohen and Neori 1991; Mao et al.
2009; Al-Hafedh et al. 2014). For N-NH4

+, the removal rate by U. pseudorotundata was in�uenced by stocking densities, that is, the reduction in N-NH4
+

concentrations occurred faster when the biomass density was higher. This trend is in agreement with studies carried out with other species, but which used
similar biomass stocks, as is the case of U. lactuca (Cohen and Neori 1991), G. vermiculophylla (Abreu et al. 2011b), G. chilensis and U. lactuca (Macchiavello
and Bulboa 2014). However, Abreu et al. (2011b) and Macchiavello and Bulboa (2014) observed values   of nutrient uptake inversely proportional to stocking
densities, while Cohen and Neori (1991) did not observe signi�cant differences. Of course, other factors can also explain these differences, such as crop
irradiance, temperature, aeration, genotypic and phenotypic aspects and physiological status of the species and even the shape of the culture tank.

The fast removal e�ciency (NUE) of N-NH4
+ by U. pseudorotundata is re�ected in the observed values of the N-NH4

+ uptake rates (NUR). The NUR obtained for

N-NH4
+ was nonlinear in time and exhibited three distinct phases. First, a strong removal was observed during the �rst 180 min of experiment on both biomass

densities and could be explained by the term "surge uptake" (Roleda and Hurd 2019) as a mechanism of fast uptake of a nutrient over a short period of time.
Second, a relatively constant phase was observed between 180 and 420 min, followed by a decrease as a third phase. The similar surge uptake of N-NH4

+ was
also reported by Salvi et al. (2021) for U. ohnoi in the �rst 15 min of incubation time. In laboratory experiments with U. lactuca, Pedersen (1994) previously
described the three uptake rate phases as observed in the present study, and the period of surge uptake of N-NH4

+ was observed between 10–60 min. In

contrast, different patterns were observed in treatments with N-NO3
−. We veri�ed an increasing uptake rate until 300 min of experiment, followed by a

decreasing trend. Similar results were noticed for U. prolifera which showed a saturated uptake rate for N-NO3
− with a maximum of 28.4 ± 1.7 µmol g− 1 DW h− 

1 in an initial concentration of 195 µmol L− 1 (Fan et al. 2014). In this case, the authors considered that external N-NO3
− concentrations were high enough to �ll

the intracellular N pools. Although in our work U. pseudorotundata demonstrated a decay on uptake rate under higher concentrations, a completely removal of
N-NO3

− was observed in 1440 min of experiment, even during dark periods (between 420 and 1440 min) signalizing non-saturated internal N pools with N-

NO3
− as N source even with 500 µmol L− 1 as initial concentrations.

The results discussed above indicate that the concentrations of nitrogenous nutrients and the initial algal biomass used in our experiments were not su�cient
to saturate or cause negative effects on the physiology of U. pseudorotundata, and that the systems can operate with higher algal biomass and nutrient
concentrations than those tested, as long as there is no interference to the irradiance distribution. Considering this, it is possible that an improvement in the
nutrient removal process can be obtained by manipulating the e�uent �ow between different algae cultures, alternating periods of starvation with periods of
high concentrations.
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Ale et al. (2011) described that the uptake of N-NH4
+ by U. lactuca was higher even when N-NO3

− and N-NH4
+ were supplied together, indicating that the nature

of nitrogen uptake by the species was selective. Experiments with organic (urea and glycine) and inorganic (N-NH4
+ and N-NO3

−) nitrogenous nutrients

showed that U. prolifera assimilated N-NH4
+ faster than N-NO3

−, and also suggested a more e�cient absorption of inorganic nutrients than organic ones. The

faster N-NH4
+ removal compared to N-NO3

− by U. pseudorotundata evidenced in our study can be attributed to the different mechanisms of absorption,

assimilation and incorporation of these nutrients in the cell, since NO3
− has a higher energy requirement for its absorption and assimilation compared to NH4

+

(Pritchard et al. 2015). Our results showed a trend towards higher ETRmax values   in treatments with N-NO3
−, which indicates a greater �ow of electrons from

photosynthesis necessary for the process of reducing NO3
− to NH4

+, and then to amino acids and proteins.

In respect to maximal quantum yield of PSII (Fv/Fm), our results showed that this parameter, which indicates the maximal algal photosynthetic e�ciency, was
not in�uenced by nitrogen source. However, nutrient concentrations, biomass densities and the period of the day contributed to statistical differences. Distinct
results were obtained with U. fasciata cultivated with N-NO3

− and total ammonium nitrogen (TAN) in which Fv/Fm was affected by the nitrogen source (Shahar

et al. 2020). In that study, U. fasciata was described to present higher Fv/Fm when cultivated with N-NO3
−, and the authors justify the lower photosynthetic

activity in cultures supplied with TAN than N-NO3
− due to a possible toxicity of the free NH3

+. In our case no difference in Fv/Fm was observed between
treatments with the two different types of N-source, suggesting no toxicity response at the tested conditions.

Photoinhibition mechanisms, recognized as a reversible interruption of the photosynthetic electron transport chain to protect seaweed against overexposure to
solar radiation (Maxwell and Johnson 2000), are usually observed in photosynthetic studies, when Fv/Fm is monitored along the day (Figueroa et al. 2020).
Fv/Fm usually decreases in periods of higher photosynthetically active radiation (PAR), signalizing photoinhibition and increased energy dissipation (Figueroa
et al. 2020). In this study, however, this variation did not exhibit a marked depression during the afternoon (between 180 and 420 min of experiment)
suggesting that the maximum quantum yield, also considered a stress indicator, was not in�uenced by the different nitrogen sources. Although our cultures
were not exposed to high ambient irradiance since it was winter time with cloudy days, the minimal values of Fv/Fm were observed in cultures with 150 µmol

L− 1 and 6 g L− 1 of biomass indicating that low algal biomass densities and nitrogen concentrations caused photoinhibition on U. pseudorotundata. This
corroborates the results obtained by Huovinen et al. (2006) who observed that in treatments with N-NH4

+, the recovery responses of Grateloupia lanceola were

modi�ed as a function of the nutrient concentration. Moreover, under higher ammonium concentrations (300 µmol L− 1) the cultures improved the
mechanisms of recovery against high irradiance. In this way Korbee et al. (2005) pointed out that under N-limited conditions, seaweed physiological
mechanisms, such as photosynthetic capacity and photoprotection, could be affected. Also, Henley et al. (1991) described that under N-NO3

− supply U.
rotundata reduced photoinhibition at noon during daily cycles suggesting that greater nitrogen availability make the algae more resilient to these negative
effects.

The elemental and biochemical composition of the biomass was determined to verify if the treatments, even in short-time (24h), would induce detectable
changes, either among different treatments or between the initial and �nal times. The protein content values obtained for U. pseudorotundata (general
average = 19.7%) were similar to those reported in the literature for other species (Castro-González et al. 1996; Bikker et al. 2016; Lakshmi et al. 2020), and the
carbohydrate content (general average = 33.8%) was slightly higher than those mentioned by other authors. Also, the biomass presented greater heterogeneity
in the elemental and biochemical composition in the initial experimental times, presenting itself with more homogeneous characteristics at the end of the
experiments. The initial heterogeneity is probably associated with small differences in the biomass characteristics of the algae used as inoculum, since they
may have come from different culture ponds. This result may be indicating that the algae physiology progresses towards a homogenization of the
composition, even with varying conditions. However, this hypothesis must be evaluated with reservations, since the experimental time of only 24 h may not
have been enough to consolidate responses of the varied conditions on the algae composition.

An important point to be considered is that part of the N-NH4
+ removed from the respective treatments may have been eliminated from the liquid medium by

volatilization and not necessarily incorporated into the biomass. This situation is possible due to the increase in pH related to photosynthesis, associated with
the aeration of the tanks. Ammonium (NH4

+) can be converted to non-ionized ammonia (NH3), which is volatile and even toxic to �sh and other organisms.
The relative concentration of each form is strongly dependent on pH and, to a lesser extent, on temperature and salinity. Under typical seawater conditions (pH
8.0 and 20°C) there is only about 10% ammonia. As the pH increases, the ammonia concentration increases dramatically. The proportion of unionized
ammonia increases 10-fold for each unit increase in pH and 2-fold for each 10°C increase in temperature in the 0–30°C range (Erickson, 1985). Thus,
considering the volatility of ammonia, there can be signi�cant losses in tanks where algal photosynthesis promotes increases in pH, especially if there is
aeration (Collos and Harrison, 2014). The pH of the tanks, although not continuously monitored, showed a considerable increase at the end of the
experiments. As there was intense aeration, the probability of NH3 losses, re�ecting a reduction of dissolved NH4

+ is very high. In a context of bioremediation,
however, the effect of algal photosynthesis would be, in any case, contributing to the reduction of dissolved nitrogen, which would be partially assimilated by
the biomass and partially volatilized. The lost of ammonium due to variation of seawater pH and temperature was reported in the green microalga Chlorella
fusca grown in freshwater enriched by centrate (Peralta et al. 2019).

Although not all results regarding photosynthetic parameters have showed signi�cant differences between treatments with N-NH4
+ and N-NO3

−, the principal
component analysis showed in an integrated way the important trends mentioned above, facilitating the understanding of the relationships among data. The
N-NH4

+ and N-NO3
− treatments were distributed on opposite sides of the principal components plane, especially on the �rst axis. N-NO3

− treatments were

generally positively associated with ETRmax values, but also with protein content and some other photosynthetic parameters, while N-NH4
+ treatments were

positively associated with NUE values. Such results show that the monitoring of photosynthetic parameters in algae based nutrient removal systems produces
a good, fast and practical physiological diagnosis of the algae, allowing, eventually, to verify if the algae are using NH4

+ or other forms of nitrogen that
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demand more energy to absorption and assimilation. This can help, for example, in the management of systems with regard to greater exposure of the
cultivation tanks to light, or the harvesting of surplus biomass to reduce self-shading.

Concluding Remarks
Our pilot scale experiments demonstrated that U. pseudorotundata rapidly removed more than 98% of N-NH4

+ in different initial concentrations and biomass
densities suggesting a certain versatility of this alga with regard to possible variations in these parameters – typical situations found in e�uent remediation
systems. In respect to N-NH4

+, the best performance was obtained with initial biomass of 10 g L− 1 and initial concentrations up to 300 µmol L− 1. Using N-

NO3
− as N-source, a removal e�ciency above 93% required 24 h. In the reality of e�uents from marine �sh farming, for example, both nitrogen sources, in

addition to others, will be present, with N-NH4
+ being absorbed (and also volatilized) more quickly, and N-NO3

− more slowly, acting as a nutrient for long-term
maintenance of algae (Pritchard et al. 2015). If, on the one hand, algal photosynthesis raises the pH and makes more ammoniacal nitrogen available in the
form of non-ionized ammonia, on the other hand, the absorption capacity of algae and the volatilization forced by aeration can compensate for this increase,
reducing the risk of ammonia toxicity for �sh. As for other Ulva species, the biomass produced has a number of uses, including feed for the �sh themselves in
a circular system (Bikker et al. 2016).

The monitoring of photosynthetic parameters by PAM �uorescence in parallel with the determination of nutrient removal parameters allowed to verify, in a
practical and sensitive way, that the uptake and assimilation of N-NO3

− demands more energy than in the case of N-NH4
+. Since the PAM �uorescence data

allow us to estimate the energy transfer e�ciency of the PSII, the results obtained in this study also contributes to elucidate seaweed photosynthesis
performance by in situ and ex situ measurements from a cultivation under environmental growing conditions. This greater demand for light energy for uptake
and assimilation of N-NO3

− in relation to N-NH4
+ suggests different managements in culture and/or remediation systems with regard to biomass density to be

used, timing of harvesting of the grown biomass and other aspects that in�uence the luminous environment of cultivation or remediation systems.

Moreover, we concluded that U. pseudorotundata can be cultivated in e�uents coming directly from �sh tanks (rich in N-NH4
+) or receiving e�uents from

bacterial bio�lters, in which N-NO3
− may predominate, being possible, if some care and management are considered, the almost total removal of nitrogen

nutrients in a period of 24 h.

Finally, our data qualify U. pseudorotundata, a species native to the Spanish Mediterranean coast, as another candidate Ulva species for managed use in
bo�ltration of aquaculture e�uents, either in land based or in integrated multitrophic aquaculture systems.
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Figure 1

Changes in concentrations of nitrogen nutrients during 1440 minutes of incubation with U. pseudorotundata under different nutrient initial concentrations. (a)
N-NH4

+ with 6 g FW L-1; (b) N-NH4
+ with 10 g FW L-1; (c) N-NO3

- with 6 g FW L-1; (d) N-NO3
- with 10 g FW L-1 of stocking biomass. The data represents the

means ± SD for n = 3.
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Figure 2

N-NH4
+ and N-NO3

- removal e�ciency – NUE (%) by U. pseudorotundata over 1440 min of incubation under different nutrient initial concentrations. (a) N-NH4
+

with 6 g FW L-1; (b) N-NH4
+ with 10 g FW L-1; (c) N-NO3

- with 6 g FW L-1; (d) N-NO3
- with 10 g FW L-1 of stocking biomass. The data represents the means ± SD

for n = 3.
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Figure 3

N-NH4
+ and N-NO3

- uptake rates - NUR (μmol g-1 DW h-1) by U. pseudorotundata over 1440 min of incubation under different nutrient initial concentrations. (a)

N-NH4
+ with 6 g FW L-1; (b) N-NH4

+ with 10 g FW L-1; (c) N-NO3
- with 6 g FW L-1; (d) N-NO3

- with 10 g FW L-1 of stocking biomass. The data represents the
means ± SD for n = 3.
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Figure 4

In situ electron transport rate (ETRsitu) expressed as µmol electrons m-2 s-1 of U. pseudorotundata after 15 and 1440 min cultivated in N-NH4
+ and N-NO3

-

under different concentrations: 150, 300, and 500 umol L-1. The �gure represent only conditions where signi�cant factor effects were detected (see Table 2).
Bars are means ± SD; different letters indicate statistically signi�cant (p < 0.05) of differences for n = 5.
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Figure 5

Diurnal changes of maximum quantum yield (Fv/Fm) of U. pseudorotundata during 1440 minutes cultivated on two densities of biomass (6 g L-1 and 10 g L-1)

under different initial concentrations of N-NH4
- and N-NO3

-: 150, 300, and 500 µmol L-1. The �gure represents only conditions where signi�cant factor effects
were detected (see Table 3). Bars are means ± SD; different letters indicate statistically signi�cant (p < 0.05) of differences for n = 3.

Figure 6

Diurnal changes of maximum electron transport rate (ETRmax) measured ex situ of Ulva pseudorotundata during 1440 minutes in N-NH4
+ and N-NO3

- on two

densities of biomass 6 g L-1 and 10 g L-1 under different initial concentrations: 150, 300, and 500 µmol L-1. The �gure represent only conditions where
signi�cant factor effects were detected (see Table 3). Bars are means ± SD; different letters indicate statistically signi�cant (p < 0.05) of differences for n = 3.
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Figure 7

Diurnal changes of photosynthetic e�ciency (αETR) of Ulva pseudorotundata during 1440 minutes in N-NH4
+ and N-NO3

- on two densities of biomass 6 g L-

1and 10 g L-1 under different initial concentrations: 150, 300, and 500 µmol L-1. The �gure represent only conditions where signi�cant factor effects were
detected (see Table 3). Bars are means ± SD; different letters indicate statistically signi�cant (p < 0.05) of differences for n = 3.
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Figure 8

Elemental composition of the dry biomass of Ulva pseudorotundata cultivated in different nitrogen sources (N-NH4
+ and N-NO3

-), nutrient initial concentrations

(150, 300 and 500 µmol L-1) and biomass densities (FW 6 and 10 g L-1). Data are presented as percentage of carbon, nitrogen and hydrogen (CHN) and C:N
ratio obtained at initial (a) and �nal (b) time of the experiments. Values are mean ± SD (n = 3).
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Figure 9

Biochemical composition of the dry biomass of Ulva pseudorotundata cultivated in different nitrogen sources (N-NH4+ and N-NO3-), nutrient initial
concentrations (150, 300 and 500 µmol L-1) and biomass densities (FW 6 and 10 g.L-1). Data are presented as percentage of carbon, nitrogen and hydrogen
(CHN) and C:N ratio obtained at initial (a) and �nal (b) time of the experiments. Values are mean ± SD (n = 3).



Page 26/26

Figure 10

Principal Component Analysis performed with data from nutrient removal experiments by Ulva pseudorotundata subjected to two types of nitrogen source (N-
NH4

+ and N-NO3
-). Circles represent N-NH4

+ treatments and triangles represent N-NO3
- treatments. Empty and �lled symbols indicate treatments with 6 g L-1

and 10 g L-1 of initial biomass, respectively. Symbols in green, blue and black indicate 150 umol L-1, 300 umol L-1 and 500 g.L-1 of nitrogen nutrient,
respectively. NUR is nutrient uptake rate, NUE is nutrient uptake e�ciency, ETRs is electron transport rate in situ, ETRmax is the maximal electron transport rate,
Fv/Fm is the maximal photochemical e�ciency of PSII. The numbers associated with these abbreviations are the measurement times in min. C:N is the carbon
to nitrogen ratio, %CH is the percentage of carbohydrates and %PR is the percentage of protein, ini and �n representing initial and �nal time of the experiment,
respectively. 
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