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The red seaweed Palmaria palmata is a promising candidate for sustainable food production due to its unique
nutritional and sensory properties. Using side streams from the seafood industry to cultivate seaweed is an
innovative circular approach to return otherwise lost nutrients back into the food chain. Our study investigates
the use of herring production process water (HPPW) as a cultivation medium to improve the growth and
nutritional quality of P. palmata in land-based systems. We identified the most favorable salinity and irradiance
conditions (22.5PSU and 180 pmol photons m 2 s_l) as well as the dilution level of HPPW (40 pM NHZ) to
establish optimal cultivation conditions. When P. palmata was cultivated under these optimized conditions, it
significantly improved growth rates, tissue nitrogen content, pigments, and total amino acid levels, including all
essential amino acids in levels exceeding dietary recommendations. The toxic and potentially toxic elements
arsenic, inorganic arsenic, mercury, lead, and cadmium did not limit the safe daily intake of the biomass, instead,
iodine was the limiting factor restricting safe daily consumption of HPPW-cultivated P. palmata to 23 g dry
weight. A portion of this size could make a valuable contribution to macro- and trace element intake, providing
approximately 63 % of the recommended daily intake for potassium, 22 % for magnesium, and 17 % for copper.
Together, these findings show that P. palmata has a strong potential as an alternative food source in sustainable
food systems when cultivated under optimized land-based conditions and supplemented with repurposed liquid
seafood industry side streams.

1. Introduction [8].
The red seaweed Palmaria palmata is a particularly promising species

Global food production places a significant strain on the environ-
ment by contributing to nearly half of all arable land use, consuming
large volumes of freshwater, and accounting for over 25 % of all
greenhouse gas emissions and nitrogen pollution [1,2]. At the same
time, the growing global population continues to increase the demand
for nutritious food [3]. In this context, seaweed aquaculture emerges as
a promising alternative as seaweeds can be cultivated without using
freshwater, fertilizer, or arable land while offering essential nutrients for
human consumption [1,4-7]. Recently, the European Union recognized
seaweeds as an essential source of alternative proteins, contributing to
the development of sustainable food systems and global food security

for human consumption thanks to its unique nutritional and sensory
profile [6,9,10]. Red seaweeds generally have higher protein content
than brown and green seaweeds [11]. In P. palmata, protein levels
typically range between 7 and 19 % dry weight (dw), comprising high-
quality protein with amino acid profiles often superior to many of its
terrestrial counterparts [6,12-15]. Furthermore, P. palmata contains the
light-harvesting pigments chlorophyll a, carotenoids, and phycobili-
proteins [16]. These pigments offer potential health benefits for humans
due to their antioxidant and anti-inflammatory properties [17,18].
Consequently, interest in these seaweed-derived compounds is growing
from the pharmaceutical, cosmetic, and functional food industries.
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Seaweeds contain many essential minerals like iodine, potassium,
iron, and zinc [9]. In many parts of the world, there is a deficiency of
iodine, which is important for the human thyroid to function [6,19], and
consuming seaweeds could help counteract this global health challenge
[20]. However, high levels of iodine in some seaweeds could result in
toxic health effects if overconsumed [20-22]. The risk of excess iodine
intake is, however, lower for red seaweeds, with P. palmaria being re-
ported to have over 100 times less iodine than some widely consumed
kelp species [21,23]. Due to seaweeds’ high capability to accumulate
elements, there is also a concern for high levels of toxic elements (often
including heavy metals) in the biomass [24,25]. The content of toxic
elements is influenced by multiple factors, including age and
morphology of the seaweeds, as well as environmental and cultivation
conditions [26-28]. Consequently, when exploring seaweeds as a po-
tential food source, it is essential to closely monitor potential toxic el-
ements in the biomass [25]. Similar to toxic elements, the quality and
composition of biochemicals in P. palmata are strongly influenced by the
conditions under which it grows [14].

Cultivating seaweeds in land-based systems offers increased control
over environmental abiotic factors like light, temperature, salinity, and
nutrients [29-31]. Moreover, the perennial traits of P. palmata, together
with its meristematic cells that support continuous vegetative growth,
enable long-term tank cultivation and make year-round harvesting
possible [14,32]. This could act as a complement to ocean-based tetra-
spore-reliant seeding practices, which so far have proven commercially
challenging due to the species’ complex life cycle [30,32].

The potential to improve the nutritional quality of seaweeds by
manipulating growing conditions in land-based systems is a promising
cultivation strategy. For example, increasing the nitrogen availability
for seaweeds increases their protein content, as nitrogen is a major
protein component [33-35]. A higher accumulation of phycobilipro-
teins in P. palmata has also been associated with increasing nutrient
availability [36,37]. Achieving higher protein yields at the cultivation
stage could contribute to more effective downstream applications in the
food value chain and increase the competitiveness of P. palmata in the
current protein market.

One promising approach to achieving this is systems like integrated
multi-trophic aquaculture (IMTA), where seaweeds are typically co-
cultivated with fed aquaculture species to utilize the nutrient-rich ef-
fluents from the farms [4,38]. This approach has also proven effective
for P. palmata when cultivated in outlet water from fish farms [39-41].
Likely, other liquid side streams from the food industry could, in a
similar way, be used for this purpose. For example, it is estimated that
approximately 7m? of water is used per ton of final product when pro-
ducing marinated herring, from catch to final packaging [42,43]. In
previous studies, we showed that these marinated herring production
process waters can efficiently be used to boost growth rates by 342-505
% and crude protein content by 146-261 % of the green seaweed Ulva
fenestrata compared with controls [44,45]. Since the process waters are
rich in nutrients like nitrogen and phosphorus, with particularly high
levels of ammonium (NHZ) [45], the preferred nitrogen source for
P. palmata [14], we hypothesized that these waters can be effectively
used for P. palmata cultivation. Repurposing the process waters as a
cultivation medium for seaweeds helps bridge the food waste gap while
simultaneously creating a new valuable product in the form of seaweed
biomass [35,44,46-48].

The aim of this study was to investigate the potential of herring
production process water (HPPW) to enhance the growth and nutritional
quality of the red seaweed P. palmata for use as a safe and nutritious food
source. To achieve this, we performed a set of experiments with the
objectives to (i) find the optimal salinity and irradiance levels in land-
based cultivation for growth and biochemical composition of
P. palmata, (ii) find the optimal dilution level of HPPW for P. palmata
cultivation, and (iii) investigate how the optimal salinity and irradiance
levels, together with the optimal dilution level of HPPW, impact the
growth and biochemical composition of P. palmata. We did this in three

Algal Research 92 (2025) 104371

separate experiments, where the results from the first and second ex-
periments facilitated the setup for the third experiment. We measured
growth, tissue nitrogen content, amino acid composition, pigments
(chlorophyll a, carotenoids, phycobiliproteins), and total elements in the
cultivated biomass. Additionally, we investigated how the levels of some
health-concerning toxic and potentially toxic elements and species,
namely arsenic (As), inorganic arsenic (iAs), mercury (Hg), lead (Pb),
and cadmium (Cd), as well as iodine (I), in the biomass were affected by
cultivation in HPPW, and calculated the consumption limit for safe daily
intakes. Based on this limit, we estimated the contribution of P. palmata
cultivated with HPPW to the recommended daily intake (RDI) for some
essential elements, namely calcium (Ca), copper (Cu), iron (Fe), potas-
sium (K), magnesium (Mg), manganese (Mn), molybdenum (Mo), sele-
nium (Se), and zinc (Zn).

2. Materials and methods

Palmaria palmata was collected by diving in the Koster archipelago
on the Swedish west coast (N 58.838166, E 11.042859) on the 7th of
February 2024 and brought to Tjarno Marine Laboratory (TML, N
58.875759, E 11.146216). At TML, the P. palmata were cultivated by
vegetative propagation in a greenhouse in aerated tanks following the
seasonal variations in temperature and light on the west coast of Swe-
den. For the experiments, vegetative fronds from marginal proliferations
on thalli of P. palmata were collected from a 1000 L aerated cultivation
tank with a flow-through of filtered (0.2 pm) deep-seawater (40 m,
33PSU) at 18-22 L min .

2.1. Effect of salinity and irradiance

Fronds of P. palmata (19.8 + 5.3 cmz, mean + SD) were collected
from the 1000 L tank on the 16th of July 2024 and divided between 2 L
tanks at a density of 2.5 g fresh weight (fw) L™1. In a fully crossed
factorial design, the effect of salinity (7.5, 15, 22.5, and 33PSU) and
irradiance (20, 80, and 180 pmol photons m~2s~1, light cycle: 16:8 h L:
D, light source: Samsung LED24W, 6000 K, 3000 Im) was tested on the
growth rate and biochemical composition of the P. palmata. Each
treatment had eight replicates, resulting in 96 tanks. The different
salinity levels were achieved by mixing deep-seawater (40 m, 33PSU)
with fresh water in header tanks and then supplied to the different
treatments, while irradiance was manipulated by shading the tanks with
plastic netting until the desired irradiance was achieved. Aeration was
provided from the bottom of the tanks to create water motion. All tanks
were randomly placed in the cultivation area to avoid spatial bias.
Salinity, temperature, and pH were measured daily using a multimeter
(WTW Multi 3620 IDS, Xylem Analytics). The salinity in the different
treatments was 7.5 + 0.9, 15.2 + 0.8, 22.5 + 0.7, and 32.9 + 0.3PSU,
and the temperature and pH were 15.8 &+ 0.7 °C and 7.93 + 0.05 across
the treatments (mean + SD) during the experiment. The experiment
lasted for three weeks, and on the last day, samples for growth, tissue
nitrogen content, and pigments (chlorophyll a, carotenoids, phycobili-
proteins) were collected.

2.2. Cultivation with herring production process water (HPPW)

In the next experiments, HPPW was tested as a cultivation medium
for P. palmata. To find an optimal level of the HPPW for P. palmata
cultivation, a dilution experiment was first performed.

The HPPW used in the experiment was collected in a food-grade state
and originates from in-house storage of whole herring in 3 % sodium
chloride at a primary industrial processor (Sweden Pelagic AB, Ellos,
Sweden). Detailed information about the HPPW can be found in Stedt
et al. [45]. After collection, the HPPW was filtered to remove coarse
particles (>300 pm) and stored at —60 °C. The ammonium (NHY), ni-
trate (NO3), nitrite (NO3), and inorganic phosphorus/orthophosphate
(PO3™) content was analyzed for HPPW and deep-seawater using a
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continuous segmented flow analyzer (QuAAtro 39 AutoAnalyzer, SEAL
analytical Inc.) with detection limits at 0.04 pM for NHZ, 0.15 puM for
NO3, 0.05 pM for NO3, and 0.07 pM for PO%’ (Table 1) after filtration
through a 0.45 pm sterile syringe filter.

2.2.1. Effect of dilutions of HPPW

The HPPW was diluted with filtered (0.2 pm) deep-seawater (40 m,
33PSU) to nine different concentrations based on the ammonium (NHZ
concentration (0, 2.5, 5, 10, 20, 40, 80, 160, and 320 pM NHj). Each
treatment was replicated four times in 0.5 L tanks with one blade of
P. Palmaria (11.2 + 4.0 cmz, mean + SD) per tank (2.0 g fw Lfl) at
11 °C, under 12:12 h (L:D) light cycle, and at an irradiance of 50 pmol
m~2 57! (light source: INDY66, LED60W, 4000 K, 6000 Im). Aeration
was provided from the bottom of the tanks to create water motion. All
tanks were randomly placed in the cultivation area to avoid spatial bias.
The tanks were cleaned, and the HPPW was renewed every third day to
avoid nutrient depletion and microbial spoilage. The experiment started
on the 14th of November 2023 and lasted two weeks, after which
samples for growth and tissue nitrogen content were collected.

2.2.2. Effect of nutrient additions

Fronds of P. palmata (15.8 + 3.0 cmz, mean + SD) were collected
from the 1000 L tank on the 1st of October 2024 and divided between
15 L tanks at a density of 2.5 g fw L. Based on the optimal cultivation
conditions from the previous experiments, the effect on growth rate and
biochemical composition was tested at four different nutrient treatments
(Table 2) at an irradiance of 180 pmol photons m2s! (light source:
Samsung LED24W, 6000 K, 3000 Im), under 16:8 h (L:D) and a salinity
of 22.5PSU. Each treatment had six replicates, resulting in 24 tanks. The
salinity level was achieved by mixing deep-seawater (40 m, 33PSU) with
fresh water in header tanks and then supplied to the different treatments
at a constant flow of 0.6 L min . Aeration was provided from the bot-
tom of the tanks to create water motion. The treatments included tanks
supplied with either (1) HPPW diluted to 40 pM NHJ (HPPW), (2) pure
nutrients normalized to the nutrient concentrations in HPPW (NE), (3)
pulsed flow (PF), or continuous flow-through of seawater (CF) (Table 2).
Every third day, HPPW or nutrient stock was added to the HPPW and NE
tanks, and the water flow was turned off for 24 h to allow the P. palmata
to utilize the media. The PF replicated this setting without adding any
media, while the CF had a constant flow throughout the experiment. All
tanks were randomly placed in the cultivation area to avoid spatial bias.
Salinity and temperature were measured daily using a multimeter (WTW
Multi 3620 IDS, Xylem Analytics). The salinity was 22.3 + 0.9PSU, and
the temperature and pH were 13.5 + 1.0 °C and 8.04 + 0.07 (mean +
SD) during the experiment. The experiment lasted for seven weeks.
Samples for growth and tissue nitrogen content were collected every
week, and the biomass was reset to the start density of 2.5 g fw L™}
during this collection. On the last day of the experiment, besides growth
and tissue nitrogen content, samples for pigments (chlorophyll a, ca-
rotenoids, phycobiliproteins), amino acid content, total elements, inor-
ganic arsenic, and iodine content were also collected. Additionally,
water samples were collected from the deep-seawater, HPPW water, and
undiluted HPPW water for analysis of total elements and iodine.

2.3. Growth rate
The fresh weight of the P. palmata was measured in a standardized
way by weighing it on a lab-scale (Fisherbrand RS232) after removing

excess water with a salad spinner. The specific growth rate (SGR) was

Table 1

Algal Research 92 (2025) 104371

Table 2
Summary of nutrient addition and flow dynamics of the different treatments
used in the nutrient addition experiment.

Treatment Abbreviation ~ NHj PO3~ Seawater Pulse
(M) (HM) composition 24h
Diluted herring ~ HPPW 40 153 Deep-seawater Yes
production mixed with
process HPPW
water
Nutrient- NE 40 153 Deep-seawater Yes
enriched enriched with
NH,4Cl and
KH2PO4
Pulse flow PF 0.45 0.38 Deep-seawater Yes
Continuous CF 0.45 0.38 Deep-seawater No
flow-through

Refer to Table 1 for a detailed characterization of the deep-seawater.

calculated according to the formula: SGR = ((Ln(fwy)-Ln(fwg))/t)*100,
where fwy is the fresh weight after t days, and fwy is the fresh weight at
the start point. In the nutrient addition experiment, the average specific
growth rate (ASGR) was calculated as the weekly recorded SGR aver-
aged over the seven weeks among the replicates (n = 6). The samples
were washed in filtered seawater, frozen, freeze-dried, and homoge-
nized to a fine powder using a mortar and pestle, before further analysis
of biochemical composition. The dried samples were weighed (dw), and
a regression model between fw and dw showed R2 = 0.90 (n = 96) for
the salinity and irradiance experiment, and R? = 0.95 (n = 168) for the
nutrient addition experiment, supporting fw as a viable measure of
growth.

2.4. Tissue nitrogen content and amino acid profile

For biochemical analyses, samples from the first two experiments
consisted of homogenized whole fronds collected at the end of each
experiment, while for the last experiment, surplus whole fronds beyond
the weekly reset were collected. Total tissue nitrogen content was
analyzed by combustion of the freeze-dried seaweed powder using a GSL
elemental analyzer coupled to an isotope-ratio mass spectrometer (EA-
IRMS, 20 - 22, Sercon Ltd., Crewe UK). In the nutrient addition experi-
ment, the average tissue nitrogen content was calculated as the weekly
measured content averaged over the seven weeks among the replicates
(n = 6). Furthermore, specific nitrogen-to-protein conversion factors
were determined by the ratio of total tissue nitrogen content and total
amino acids on the last day.

Total amino acids (TAA) of P. palmata were analyzed following the
protocol in Trigo et al. [49]. All measurements were made in triplicate.
First, 100 mg of the freeze-dried seaweed powder and 4 mL of 6 M HCl
were mixed in screw-cap glass tubes, after which the air in the tubes was
replaced with nitrogen. The samples were hydrolyzed at 110 °C for 24 h
using a heat block, and the samples were then filtered using a syringe
filter (0.22 pm, PES; Fisher Scientific) and diluted with 0.2 M acetic acid.
Hydrolysis blanks without samples, as well as quality control samples,
were prepared in the same way. Two pL of each sample were run in a LC/
MS (Agilent 1260-1290 Infinity LC System) with a Phenomenex column
(Luna C18(2) 250 mm x 4.6 mm x 3 mm), coupled to an Agilent 6120
quadrupole in the SIM positive mode (Agilent Technologies). Separation
at 0.7 mL min~! for 40 min was performed using different ratios of
mobile phase A (3 % methanol, 0.2 % formic acid and 0.01 % acetic
acid) and mobile phase B (50 % methanol, 0.2 % formic acid and 0.01 %

Characterization of the deep-seawater and undiluted herring production process water (mean =+ SD, n = 3).

Ammonium (pM NHy)

Nitrate (M NO3)

Nitrite (uM NOz) Inorganic phosphorus (uM PO3 ")

0.45 + 0.03
3603.10 + 368.40 nd

Deep-seawater
Herring production process water

3.55 +0.03

0.13 + 0.02 0.38 + 0.02
nd 13,745.00 + 334.60
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acetic acid). A mix of 18 amino acids (Amino Acid Standard H, Thermo
Scientific) was used for the calibration curve. Methanol was used as a
blank. Due to the use of acidic hydrolysis, (i) tryptophan and cysteine
could not be recovered, and (ii) glutamine and asparagine were co-
determined with glutamic and aspartic acid, respectively. MassHunter
Quantitative Analysis software (version B.09.00, Agilent Technologies)
was used to analyze the data.

2.5. Pigments (chlorophyll a, carotenoids, phycobiliproteins)

Determination of total content of chlorophyll a, and carotenoids,
followed the protocol in Steinhagen et al. [50]. The content of chloro-
phyll a and carotenoids was extracted by placing 20 mg of freeze-dried
and homogenized P. palmata tissue samples in 90 % acetone solution.
The samples were placed in an ultrasonic bath for 10 min, followed by
50 min on a shaking table in darkness. The samples were then centri-
fuged for 10 min at 4000 rpm and 20 °C. The supernatants were
collected, and using a spectrophotometer (Lambda XLS+, Perkin Elmer,
Waltham, MA, United States), the absorbance was measured at the
wavelengths 647, 664, 510, and 480 nm. The total content of chloro-
phyll a was calculated using the formula in Jeffrey and Humphrey [51],
while carotenoids were calculated using the formula in Parsons et al.
[52].

Determination of phycobiliproteins as R-phycoerythrin (R-PE) and
R-phycocyanin (R-PC) followed the protocol in Sampath-Wiley and
Neefus [53]. Briefly, 60 mg of freeze-dried and homogenized P. palmata
tissue samples were stored at 1 °C for 45 min before starting the
extraction. 0.1 M phosphate buffer (pH 7) was added at a 1 g biomass to
150 mL buffer ratio, followed by 65 min at 1 °C on a shaking table in
darkness. The samples were then centrifuged for 20 min at 4000 rpm at
4 °C. The supernatants were collected, and using a spectrophotometer
(Lambda XLS+, Perkin Elmer, Waltham, MA, United States) the absor-
bance was measured at the wavelengths 564, 618, and 730 nm. The R-PE
and R-PC content was calculated using the formula in Sampath-Wiley
and Neefus [53].

2.6. Total elements, inorganic arsenic, and iodine content

Total elements, including inorganic arsenic (iAs) and total iodine
content, were analyzed from the water samples and freeze-dried and
homogenized seaweed tissue samples by ALS Scandinavia AB (Lule3,
Sweden). General precautions, detailed by Rodushkin et al. [54], were
taken to avoid contamination of the samples. 0.5 g of sample was
weighed into Teflon vials and mixed with 5 mL nitric acid and 0.02 mL
hydrofluoric acid, both of Suprapur grade. A set of method blanks and
test materials was prepared with each batch of samples. Vials were
capped and put in a carousel placed in a microwave digestion system
(Milestone, Sorisole, Italy), where a pre-programmed digestion cycle
was initiated. Digests were then diluted to 10 mL with Milli-Q water
(Millipore, Bedford, MA, USA), followed by additional dilution with 1.7
M nitric acid, resulting in a total digestion factor of approximately 500
m/v. All measurements of element concentrations were performed by
double-focusing sector field ICP-MS ELEMENT XR (Thermo Scientific,
Bremen, Germany) with methane added to the plasma [55]. Matrix ef-
fect correction was accomplished by internal standardization, where
indium was added to all measurement solutions at a 2.5 pg L' con-
centration. Quantification was done by external calibration with syn-
thetic, concentration-matched standards. For an in-depth description of
the method, see Engstrom et al. [56].

The determination of iAs was performed according to the European
Standard EN16802. The method uses extraction with dilute nitric acid
and hydrogen peroxide in a hot water bath, followed by analysis with
strong anion exchange HPLC-ICP-MS.

Iodine content was measured in a separate digest prepared by sin-
tering [57] and analyzed by ICP-SFMS using ethylenediaminetetraacetic
acid disodium salt dihydrate, Triton X-100, and an ammonia mixture to
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reduce carry-over in the introduction system and suppress the effect of
oxidation state on the analyte intensity.

To assess safe consumption levels, the tolerable daily intake (TDI) for
adults established by the European Food Safety Authority (EFSA) is used
for elements and species of particular concern (As, iAs, Cd, Hg, Pb, and I)
to calculate the maximum amount of freeze-dried P. palmata biomass
that can safely be consumed. This is done using the formula: maximum
intake = (TDIi*bw)/Ci, where TDIi is the tolerable upper daily intake for
element i (ug d! bw) [58-62], bw is the referenced body weight for
adults (63.3 kg) [63], and Ci is the content of element i in the dried
biomass (ug g~! dw). Using a low reference body weight compared to
the average weight for the European population (>75 kg) [64] results in
conservative estimations for the European market. Additionally, the
contribution of consuming the calculated safe consumption level of
P. palmata cultivated with HPPW for some essential elements, namely
calcium (Ca), copper (Cu), iron (Fe), potassium (K), magnesium (Mg),
manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn) was
assessed in relation to its recommended daily intake levels (RDI) [65].

2.7. Data analysis

All statistical analyses were performed in Rstudio (v. 2023.09.1 +
494). The data were visually checked for homogeneity and normality
using diagnostic plots (density-, normality-, and QQ-plots). Further-
more, the data was checked for normality using the Shapiro-Wilk test
and homogeneity using Levene’s test.

In the salinity and irradiance experiment, SGR, tissue nitrogen- and
pigment contents were analyzed using two-way ANOVA, with irradiance
(3 levels) and salinity (3-4 levels) as fixed factors. Significant differences
among means were compared using Tukey’s HSD test.

In the dilution experiment, to describe the relationship between the
SGR/tissue nitrogen content and the concentration of HPPW, a
Michaelis-Menten curve was fitted to the data. Vyax represents the
maximum value of either SGR or tissue nitrogen content, and Ky, rep-
resents the concentration of HPPW when SGR or tissue nitrogen content
reaches half of the V..

In the nutrient addition experiment, all data were analyzed using
one-way ANOVA with treatment (4 levels) as a fixed factor. Significant
differences among means were compared using Tukey’s HSD test.

3. Results
3.1. Effect of salinity and irradiance

3.1.1. Growth rate

Both salinity and irradiance had a significant effect on the SGR of
P. palmata, and there was a significant interaction between the two
factors (p < 0.001, Table 3A). The highest SGRs were achieved in the
180 pmol photons m~2 s~ when cultivated in 22.5 and 33PSU, reaching
3.98 & 0.31 % fw d~! (mean + SEM). Excluding the 7.5PSU treatment,
SGR was almost 6 times higher at 180 pmol photons m~2 s™! and
22.5PSU compared to 20 pmol photons m~2 s~ and 33PSU (Tukey’s
HSD, p < 0.001, Fig. 1A). P. palmata cultivated under the 7.5PSU
treatment exhibited negative SGRs across all irradiance levels, which
was visible in their biomass as they lost color and were bleached. Due to
biomass loss in the 7.5PSU treatments, these samples were excluded
from the analysis of nitrogen and pigment content.

3.1.2. Tissue nitrogen content

The tissue nitrogen content ranged between 2.40 + 0.06 and 3.16 +
0.06 % dw (mean + SEM, Fig. 1B). The two-way ANOVA showed a
significant main effect of salinity (p < 0.001, Table 3B) and irradiance (p
< 0.001, Table 3B) on tissue nitrogen content, but there was no signif-
icant interaction between them (p = 0.66, Table 3B). Tissue nitrogen
content was significantly higher at salinity 15PSU (Tukey’s HSD, p =
0.03), and 22.5PSU (Tukey’s HSD, p < 0.001) compared to 33PSU, with
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Table 3
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Two-way ANOVA of (A) specific growth rate (% fw d™1, (B) tissue nitrogen content (% dw), (C) chlorophyll a (mg g’1 dw), (D) carotenoids (mg g’1 dw), (E)
phycoerythrin (mg g~! dw), and (F) phycocyanin (mg g~ ' dw) of Palmaria palmata cultivated under different levels of salinity and irradiance for three weeks. Sig-
nificant p-values are indicated with italics. Data of means + SEM are presented in Fig. 1A-E.

Source of variance (A) Specific growth rate (% fw ah

(B) Tissue nitrogen content (% dw)

(C) Chlorophyll a (mg g~! dw)

df MS F ratio p df MS F ratio p df MS F ratio P
Salinity 3 49.01 223.99 <0.001 2 0.66 8.71 <0.001 2 0.20 10.39 <0.001
Irradiance 2 25.38 116.03 <0.001 2 1.14 15.09 <0.001 2 0.80 41.00 <0.001
Salinity x irradiance 6 3.16 14.44 <0.001 4 0.05 0.66 0.62 4 0.07 3.46 0.01
Residual 84 0.22 63 0.08 63 0.02
Source of variance (D) Carotenoids (mg g’1 dw) (E) Phycoerythrin (mg g’1 dw) (F) Phycocyanin (mg g’1 dw)

df MS F ratio p df MS F ratio p df MS F ratio p
Salinity 2 0.02 6.13 <0.01 2 24.19 14.27 <0.001 2 1.74 19.57 <0.001
Irradiance 2 0.07 21.87 <0.001 2 0.58 0.34 0.71 2 0.001 0.02 0.99
Salinity x irradiance 4 0.008 2.65 0.04 4 0.66 0.39 0.81 4 0.04 0.45 0.76
Residual 63 0.003 63 1.70 63 0.09

contents of 2.94 4+ 0.06, 3.07 + 0.07, and 2.74 + 0.07 % dw (mean +
SEM), respectively (Fig. 1B). Similarly, tissue nitrogen content was
significantly higher at irradiances of 20 pmol photons m~2 s * (Tukey’s
HSD, p < 0.001), and 80 pmol photons m st (Tukey’s HSD, p < 0.001)
compared to 180 pmol photons m~2 s~1, with contents of 3.06 + 0.05,
3.02 + 0.05, and 2.67 £+ 0.08 % dw (mean + SEM), respectively
(Fig. 1B).

3.1.3. Pigment content

The chlorophyll a content ranged between 0.67 + 0.06 and 1.30 +
0.03 mg g~ dw (mean + SEM), and the carotenoid content ranged be-
tween 0.19 + 0.03 and 0.38 + 0.01 mg g’1 dw (mean + SEM)
(Fig. 1C-D). For both chlorophyll a and carotenoid content, there was a
significant interaction between salinity and irradiance (p < 0.001,
Table 3C-D). The chlorophyll a and carotenoid content were favored by
80 umol photons m~2 s~1, with two times higher contents at 80 pmol
photons m~2 s~ and 22.5PSU compared to at 180 pmol photons m 25~}
and 15PSU (Tukey’s HSD, p < 0.01, Fig. 1C-D).

Among the measured phycobiliproteins, R-PE constituted 76-78 %
and R-PC constituted 22-24 % of the total content (Fig. 1E). For both R-
PE and R-PC, only salinity had a significant effect on its content (p <
0.001, Table 3E-F), with P. palmata cultivated in 22.5 and 33PSU having
significantly higher contents compared to when cultivated at 15PSU
(Tukey’s HSD, p < 0.001). R-PE content was 80 and 86 % higher at
22.5PSU (3.76 + 0.26 mg g~ * dw), and 33PSU (3.89 + 0.3 mg g~ * dw)
compared to 15PSU (2.09 + 0.21 mg g’1 dw, mean + SEM). Similarly,
R-PC content was 70 and 75 % higher at 22.5PSU (1.09 + 0.06 mg g~ *
dw) and 33PSU (1.12 =+ 0.06 mg g~ ' dw) compared to 15PSU (0.64 +
0.05 mg g~ ! dw, mean + SEM).

3.2. Cultivation with herring production process water (HPPW)

3.2.1. Effect of dilutions of HPPW

For both SGR and tissue nitrogen content, there was a direct positive
response of adding the HPPW at the lower concentrations (Fig. 2A-B).
The effect stagnated already at low levels of HPPW-derived NHZ, which
is indicated by the Ky, for both SGR (2.88 uM NHj) and tissue nitrogen
content (0.85 M NHY). However, there was no negative effect of adding
higher concentrations of HPPW. Based on the fitted Michaelis-Menten
curve, the maximum SGR and tissue nitrogen content (Vpax) were
2.06 % fw d~! and 4.53 % dw, respectively. Based on these results and
the low variance within the HPPW-dilution providing 40 pM NHJ, this
concentration was chosen as the optimal cultivation dilution for further
experiments.

3.2.2. Effect of nutrient additions

3.2.2.1. Growth rate. There was a significant effect of treatment on the
ASGR after seven weeks of cultivation (p < 0.001, Table 4A). Cultivating
P. palmaria with added HPPW and NE resulted in 70 % higher ASGR
compared to CF and PF (Tukey’s HSD, p < 0.001, Fig. 3A), reaching 5.09
+ 0.08 and 5.19 + 0.11 % fw d~! with HPPW and NE, respectively,
compared to 2.90 + 0.2 in CF and 3.04 + 0.26 % fw d~! in PF (mean +
SEM). The P. palmata cultivated with HPPW showed notable morpho-
logical changes after five weeks, with fronds curling and developing a
more leathery and tough texture (Fig. 4).

3.2.2.2. Tissue nitrogen content and amino acid profile. There was a sig-
nificant effect of treatment on the average tissue nitrogen content after
seven weeks of cultivation (p < 0.001, Table 4B). By cultivating the
P. palmata with HPPW the average tissue nitrogen content reached 4.04
+ 0.19 % dw (mean + SEM), which was 54-76 % higher than in NE
(2.62 £ 0.06 % dw), CF (2.59 + 0.07 % dw), and PF (2.30 £ 0.05 % dw)
(Tukey’s HSD, p > 0.001, Fig. 3B).

The amino acid profiles of P. palmata after cultivation in the four
different treatments are presented in Table 5. For reference, the rec-
ommended AA profile based on required EAA by WHO/FAO/UNU [66],
and EAA profiles of other protein-rich foodstuffs are presented. Similar
to the tissue nitrogen content, there was a significant effect of treatment
on the TAA (p < 0.001, Table 4C). By cultivating the P. palmata with
HPPW, the TAA content reached 13.61 + 0.33 % dw (mean + SEM),
which was 48-77 % higher than in NE (9.17 £ 0.15 % dw), CF (7.96 +
0.27 % dw), and PF (7.68 + 0.34 % dw) (Tukey’s HSD, p > 0.001,
Table 5). Furthermore, there was a significant effect on the TEAA profile
by the different treatments (p < 0.001, Table 4D-E). Due to the increase
of nonessential amino acids like proline and glutamic acid, cultivating
P. palmata in the HPPW resulted in a significantly lower ratio of TEAA
compared to the other treatments (Tukey’s HSD, p < 0.001, Table 5).
However, total content of TEAA in the HPPW cultivated biomass was
50.41 + 1.08 mg g~ ! dw (mean + SEM), which was significantly higher
compared to 34.15 + 1.30, 35.86 + 1.12, and 38.76 + 0.64 mg g~ dw
(mean SEM) in the PF, CF, and NE treatments, respectively (Tukey’s
HSD, p < 0.001, Table 5). Independent of treatment, all P. palmata
surpassed the EAA profile set by WHO/FAO/UNU [66]. Based on amino
acid analyses, the specific nitrogen-to-protein conversion factor for the
P. palmata in this experiment ranged between 3.52 and 3.71 (Table 5).

3.2.2.3. Pigments. The content of chlorophyll a, carotenoids, R-PE, and
R-PC in P. palmata cultivated in the four different treatments is displayed
in Fig. 3C. There was a significant effect of treatment on chlorophyll a,
carotenoids, R-PE, and P-PC (p < 0.05, Table 4F-I). The chlorophyll a
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Fig. 1. (A) Specific growth rate (% fw d1), (B) tissue nitrogen content (% dw), (C) chlorophyll a (mg g~* dw), (D) carotenoids (mg g~ dw), and (E) phycobili-
proteins (mg g~ 1) as R-phycoerythrin (R-PE) and R-phycocyanin (R-PC) in Palmaria palmata cultivated under a fully crossed combination of irradiance and salinity
levels (mean + SEM, n = 8). Letters above bars show significant differences between means based on Tukey’s HSD test (p < 0.01). For phycobiliproteins, lowercase
letters indicate significant differences for R-PE, while capital letters indicate significant differences for R-PC.
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concentration (uM ammonium). A Michaelis-Menten curve is fitted to the data with Vy,,x representing the maximum value of the measured parameter and K,
representing the concentration of HPPW when the measured parameters reach half of the V.

Table 4

One-way ANOVA of (A) average specific growth rate (% fw d 1), (B) average tissue nitrogen content (% dw), (C) total amino acids (% dw), (D) total essential amino
acids (g 100 g amino acids 1), (E) total essential amino acids (mg g~ dw), (F) chlorophyll a (mg g~* dw), (G) carotenoids (mg g ! dw), (H) phycoerythrin (mg g~* dw),
and (I) phycocyanin (mg g~! dw) of Palmaria palmata cultivated in four different treatments for seven weeks. Significant p-values are indicated with italics. Data of

means + SEM are presented in Fig. 3A-C and Table 5.

Source of variance (A) Average specific growth rate (% fw d’l)

(B) Average tissue nitrogen content (% dw)

(C) Total amino acids (% dw)

df MS F ratio P df MS F ratio p df MS F ratio p
Treatment 3 9.41 33.79 <0.001 3 3.68 77.83 <0.001 3 45.35 96.52 <0.001
Residual 20 0.28 20 0.05 20 0.47

Source of variance (D) Total essential amino acids (g 100 g amino acids™)

(E) Total essential amino acids (mg g~ dw)

(F) Chlorophyll a (mg g~! dw)

df MS F ratio P df MS F ratio P df MS F ratio P
Treatment 3 80.92 197.9 <0.001 3 322.10 47.54 <0.001 3 0.11 3.83 0.03
Residual 20 0.41 20 6.8 20 0.03

Source of variance (G) Carotenoids (g g’1 dw)

(H) Phycoerythrin (mg g~ dw)

(I) Phycocyanin (mg g~! dw)

df MS F ratio P df MS F ratio P df MS F ratio P
Treatment 3 0.025 4.61 0.01 3 2.51 3.67 0.03 3 0.19 6.21 <0.01
Residual 20 0.006 20 0.68 20 0.03

content was 1.12 + 0.11 mg g~! dw (mean + SEM) in P. palmata culti-
vated with the HPPW, which was 40 % higher than 0.80 + 0.035 mg g~*
dw (mean + SEM) in the CF (Tukey’s HSD, p = 0.02, Fig. 3QC).
Furthermore, the carotenoid content followed the same pattern with
0.42 + 0.05 mg g~ dw (mean + SEM) when cultivated with HPPW,
which was 56 % higher compared to 0.27 + 0.02 mg g~ dw (mean +
SEM) in CF (Tukey’s HSD, p = 0.01, Fig. 3C). For R-PE, the content was
48 % higher in P. palmaria cultivated with HPPW compared to in PF
(Tukey’s HSD, p = 0.03), reaching 4.43 + 0.37 mg g * dw (mean +
SEM) and 2.99 =+ 0.36 mg g~ dw (mean + SEM), respectively. The R-PC
content was 39 and 53 % higher with HPPW compared to in CF and PF,
respectively (Tukey’s HSD, p < 0.05, Fig. 3C), reaching 1.10 + 0.08 mg
g~ ! dw with HPPW, 0.79 + 0.05 mg g~ ' dw in CF, and 0.72 =+ 0.08 mg

g’1 dw (mean + SEM) in PF.

3.2.2.4. Total elements, inorganic arsenic, and iodine content. The results
from the analysis of total elements in the P. palmata biomass and water
samples are presented in the supplementary appendix Table A.1. For the
toxic and potentially toxic elements, As, iAs, Cd, Hg, Pb, and I, the
content in the biomass was lower with NE and HPPW compared to CF
and PF, with the exception of Cd (Table 6). The proportion of iAs relative
to total As varied between the treatments; in CF and PF, iAs made up
approximately 11 % of total As, whereas in NE and HPPW, it accounted
for only 1.2-2 %. Nevertheless, iodine content was the limiting element
for daily consumption of P. palmaria biomass for all treatments, with
tolerable daily intakes ranging from 7 g dw d ! in CF to 24 g dw d ! in
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Fig. 3. (A) Average specific growth rate (% fw d™h, ® average tissue nitrogen content (% dw), and (C) pigment content (mg g’1 dw) in Palmaria palmata cultivated
in the four different treatments continuous flow-through (CF), pulse flow (PF), nutrient-enriched (NE), and herring production process water (HPPW) (mean + SEM,
n = 6). For a full explanation of the different treatments, see Table 2. Letters above bars show significant differences between means based on Tukey’s HSD test (p

< 0.05).

NE (Table 6). When set in relation to the contribution of essential ele-
ments, a portion of 23 g dw P. palmata cultivated with HPPW would
contribute to approximately 63 % of the RDI for K, 22 % for Mg, 17 % for
Cu, 9 % for Se and Mo, as well as 3-5 % for Zn, Fe, Ca, and Mn (Table 7).
Thus, P. palmaria could be considered a source of the three former ele-
ments (>15 % RDI).

4. Discussion

In this study, we show that the growth rate and nutritional quality of
P. palmata can be significantly enhanced by optimizing its cultivation
conditions. Adding herring production process water (HPPW) into the
cultivation medium shows high potential, further improving both the
growth rate and biochemical composition of the P. palmata. This was
verified by multiple findings, including (i) significantly higher growth

rate, (ii) significantly higher pigment content, (iii) significantly higher
levels of total nitrogen and total amino acids, the latter including all
essential amino acids in quantities exceeding dietary requirements, and
(iv) an increase in the safe daily consumption from 7 g dw to 23 g dw,
corresponding to 160 g fw (limited by iodine), in P. palmata grown with
HPPW. Combined, the results show that P. palmata is a promising
candidate for sustainable cultivation with HPPW, supporting the use of
currently discarded liquid food side streams by turning them into a
valuable nutrient-rich resource for seaweed cultivation. Strategies like
this can help contribute to the development of circular and resource-
efficient food production systems.

4.1. Effect of salinity and irradiance

This experiment showed that both salinity and irradiance
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Fig. 4. Representative photos of P. palmata cultivated in the four different treatments: continuous flow-through (CF), pulse flow (PF), nutrient-enriched (NE), and

herring production process water (HPPW).

interactively influence the growth rate of P. palmata. Although the in-
dividuals of P. palmata in this study naturally grow in environments with
salinities around 33PSU, both in the wild and in our long-term stock
cultures, they managed to grow effectively at two out of three reduced
salinities in this experiment. At the lowest salinity level (7.5PSU), all
P. palmata exhibited a negative growth rate independent of irradiance
level, indicating that such a low salinity level is a significant negative
stressor for the seaweed. However, P. palmata maintained positive
growth at 15PSU, with optimal growth rates at 22.5PSU under high
irradiance levels (180 pmol photons m~2 s™1), which is notably lower
than 30-32PSU, the salinity in which it naturally grows [69]. Further-
more, tissue nitrogen content was highest at 15 and 22.5PSU, while
P. palmata in the highest irradiance level (180 pmol photons m~2 s_l)
resulted in the lowest tissue nitrogen contents, which is likely a reflec-
tion of a dilution effect, where rapid biomass growth uses internal
storage of nitrogen [70].

Previous research supports the findings, showing higher growth rates
in P. palmata under reduced salinity levels [30,71]. Similarly, low sa-
linities have been shown to positively affect the growth and biochemical
composition of other seaweeds, like the green seaweed Ulva spp.
[72,73]. Seaweeds have been shown to rapidly take up nutrients in low
salinity environments for growth [34], and in Ulva, elevated protein
content under such conditions has been hypothesized to stem from its
higher uptake of nitrogen for osmoregulation and increased levels of
osmoregulatory amino acids [73]. It is possible that P. palmata exhibits
similar mechanisms, though this would necessitate further research.
Despite being collected from somewhat stable salinity conditions at
deeper waters (10-12 m depth), this population of P. palmaria demon-
strated an adaptability to variable environmental conditions, increasing
its potential to expand the cultivation to both high and low salinity
environments.

Similar to our results, higher irradiances have been shown to stim-
ulate tissue growth but result in a reduction in tissue nitrogen content
[30,74,75], consistent with the dilution effect described above [70].
Furthermore, the pigment analysis showed that chlorophyll a and ca-
rotenoids were highest at the moderate irradiance level of 80 pmol
photons m~2 s1. These pigments are used for light harvesting in
photosynthesis, while carotenoids are also used for photoprotection
under high light conditions [16]. The moderate irradiance level likely
provides the optimal balance, as lower irradiance (20 pmol photons m 2
s~1) may be limited by energy availability, and the higher irradiance

(180 pmol photons m~2 s71) is at the maximum photosynthetic activity,
both thereby reducing the demand for these pigments [37]. This reflects
the natural seasonal variations of these pigments, with pigment levels
typically lowest in summer due to high irradiance and increased sun
hours [37,76].

In shallow waters that are exposed to high irradiance levels, red
seaweeds often lose some of their red pigmentation, as it is not needed
for effective light harvesting under such conditions [12,77,78]. Sur-
prisingly, in this experiment, phycobiliprotein content was unaffected
by the irradiance level. Furthermore, although phycobiliproteins are
known to correlate with tissue nitrogen content due to their function as
nitrogen reserves [77,79,80], no such correlation was observed in this
experiment. It was only salinity that significantly influenced phycobi-
liprotein content, where P. palmata grown in 22.5 and 33PSU had 70-86
% higher content compared to those grown in 15PSU. This is consistent
with previous studies of red seaweeds such as Gracilaria corticate and
Gelidium coulteri, where accumulation of phycobiliproteins occurred
between 25-35PSU, while lower salinity levels resulted in reduced
pigment content [80,81].

Combined, the results from the first experiment show that the
interaction of 22.5PSU and 180 pmol photons m 2 s~! produced the
highest growth rates, resulting in 40-80 % higher total nitrogen and
27-90 % total pigment yields, compared to the other cultivation con-
ditions. Based on these findings, this cultivation setup was chosen to
investigate whether the addition of nutrient pulses in the form of HPPW
can further increase the biochemical composition of the biomass while
maintaining high growth rates [30,46].

4.2. Effect of nutrient additions and implications for food production

Based on the results from the dilution experiment, a dilution level of
40 pM NH{ was selected for cultivation of P. palmata in HPPW. Both SGR
and tissue nitrogen content showed rapid positive responses to
increasing concentrations of HPPW, but the effect stagnated already at
relatively low HPPW levels. While there were no negative effects at
higher HPPW levels, levels contributing with 40 pM NH{ provided the
lowest variance for both growth and tissue nitrogen content. This
finding aligns with previous studies demonstrating that P. palmata can
grow under elevated nitrogen conditions of 2000 uM NHJ [82], 1200
uM NO3 [301, 300 pM NHZ [46], and 300/12 pM NHZ/NO3 [40].
However, despite high uptake and accumulation of NHJ, Morgan and



K. Stedt et al.

Table 5

Algal Research 92 (2025) 104371

Amino acid profiles in g 100 g amino acids* (and in mg g~ in brackets) of dried biomass of Palmaria palmata from the four different treatments continuous flow-
through (CF), pulse flow (PF), nutrient-enriched (NE), and herring production process water (HPPW) (mean + SEM, n = 6). Essential amino acids (EAA) are indi-
cated by bold font, and significant differences between treatments for TAA and TEAA are denoted by superscript letters. For reference, recommended amino acid
profiles of required EAA by WHO/FAO/UNU [66] are presented. For direct comparisons with the P. palmata biomass in this study, the EAAs of some protein-rich

foodstuffs are cited from Friedman [67] and Tessari et al. [68].

Amino acid Amino acid profile, g 100 g amino acids™! (mg g’1 dw)
CF PF NE HPPW WHO/FAO/UNU Beef® Egg Soy Pea’ Quinoa“  Sea
requirements white” protein” bass®
Glycine 4.59 + 0.02 4.59 + 0.02 4.59 £+ 0.05 4.19 £+ 0.05
(3.64 £ (3.49 £ (4.16 £ (5.69 £
0.14) 0.16) 0.07) 0.11)
Alanine 6.78 + 0.08 6.94 £+ 0.07 7.03 £+ 0.04 7.22 +0.09
(5.38 £ (5.28 £ (6.37 £ (9.84 £
0.19) 0.28) 0.12) 0.32)
Serine 6.03 +£0.18 6.03 £+ 0.08 6.39 £ 0.1 5.46 + 0.05
(4.79 £ (4.59 £ (5.79 £ (7.43 £
0.24) 0.23) 0.13) 0.19)
Proline 5.78 £0.19 6.08 £+ 0.22 8.29 £ 0.23 10.83 + 0.29
(4.57 £ (4.64 £ (7.52 £ (14.7 £
0.18) 0.35) 0.29) 0.46)
Valine 5.48 + 0.08 5.34 + 0.03 5.19 + 0.05 4.51 + 0.03 3.9 4.54 6.78 4.91 4.11 4.90 4.90
(4.34 + (4.06 + (4.70 + (6.14 +
0.13) 0.18) 0.10) 0.14)
Threonine 5.41 + 0.09 5.40 + 0.04 5.31 + 0.06 4.68 + 0.03 2.3 4.21 4.68 3.84 5.64 4.33 4.54
(4.29 + (4.11 + (4.81 + (6.36 +
0.14) 0.18) 0.09) 0.14)
Isoleucine 4.35 + 0.07 4.33 + 0.06 4.29 + 0.05 3.5+ 0.03 3.0 4.18 5.28 4.71 3.65 4.12 4.29
(3.44 + (3.29 + (3.89 + (4.76 +
0.09) 0.12) 0.08) 0.10)
Leucine 7.63 + 0.09 7.51 + 0.05 7.51 + 0.10 6.35 + 0.06 5.90 7.75 8.76 8.51 6.22 7.14 7.77
(6.04 + (5.71 + (6.81 + 016) (8.64 +
0.19) 0.26) 0.18)
Aspartic acid” 10.45 + 0.19 10.23 £+ 0.22 10.68 + 0.16 11.95 + 0.21
(8.31 £ (7.85 £ (9.68 £ (16.2 £
0.39) 0.50) 0.25) 0.32)
Lysine 6.97 + 0.19 6.77 + 0.11 6.22 + 0.10 6.06 + 0.06 4.50 7.94 6.98 6.34 6.33 5.23 9.49
(5.56 + (5.14 + (5.63 + (8.25 +
0.33) 0.25) 0.09) 0.25)
Glutamic acid” 16.17 + 0.20 16.79 £+ 0.28 16.33 £ 0.18 18.66 + 0.34
(12.8 £ (12.7 £ (14.8 £ (25.4 £
0.41) 0.41) 0.17) 1.04)
Methionine 3.03 + 0.05 3.05 + 0.05 2.92 + 0.02 2.36 + 0.03 1.6 3.27 6.64 6.81 1.73 2.88 4.21
(2.39 + (2.32 + (2.64 + (3.20 +
0.06) 0.09) 0.05) 0.06)
Histidine 1.96 + 0.05 1.98 + 0.06 1.65 + 0.04 1.78 + 0.04 1.5 3.20 2.25 2.54 1.55 2.44 2.59
(1.56 + (1.51 + (1.51 + (2.42 +
0.03) 0.03) 0.02) 0.05)
Phenylalanine + 10.40 + 10.60 + 9.68 + 0.08 7.82 + 0.07 3.80 7.02 9.08 9.68 6.27 7.87 7.19
tyrosine 0.19 (8.24 0.22 (8.01 (8.77 + (10.6 +
+ 0.20) + 0.23) 0.11) 0.24)
Arginine 5.27 £ 0.09 5.30 = 0.06 5.12 £ 0.04 4.64 = 0.02
(4.19 £ (4.04 £ (4.63 £ (6.31 £
0.19) 0.21) 0.07) 0.15)
TAA (% dw) 7.96 £+ 0.27c 7.68 £+ 0.34c 9.17 + 0.15b 13.61 +
0.33a
TEAA 45.10 + 44.55 + 42.27 + 37.05 + 42.11 50.45 47.34 35.49 38.91 44.98
0.24a (35.86 0.33a (34.15 0.23b (38.76 0.22¢ (50.41
+ 1.12b) + 1.30b) + 0.64b) + 1.08a)
tissue nitrogen 2.29 +£0.12 2.10£0.15 2.48 £+ 0.06 3.80 £ 0.15
content (% dw)
nitrogen-to-protein 3.52 +0.24 3.71 £0.21 3.71 £ 0.09 3.60 +£0.12

conversion factor

TAA total amino acids, TEAA total essential amino acids.

? Glutamine and asparagine were co-determined with glutamic and aspartic acid, respectively.

> Friedman [67].
¢ Tessari et al. [68].

Simpson [82] reported that the high concentration of NHZ was “some-
what toxic” at these levels, while Grote [40] showed that there were
some negative effects such as bleached tissue and reduced growth rates
after three weeks in concentrations of 500 uM/12 uM NH}/NO3. This,
combined with the estimated maximum SGR of 2.06 % fw d ! and tissue
nitrogen content of 4.53 % dw in this study, justified the selection of
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using the HPPW dilution providing 40 uM NHJ.

When P. palmata was cultivated with the HPPW and the nutrient-
enriched control in the following experiment, it resulted in 70 %
higher growth rates compared to the seawater controls. There was a
rapid increase in growth rate already after two weeks in the media
(Fig. A.1A), which then stagnated and remained stable over the seven
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Table 6
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Content of toxic and potentially toxic elements (As, iAs, Cd, Hg, Pb, and I) in dried biomass of Palmaria palmata from the four different treatments: continuous flow-
through (CF), pulse flow (PF), nutrient-enriched (NE), and HPPW (mean + SEM, n = 6). The tolerable upper daily intake (TDI) for adults set by the European Food
Safety Authority [59,61,62] is referenced based on a body weight for adults at 63.3 kg [63]. TDI is used to calculate the maximum possible P. palmata biomass intake

per day.
Element Content in biomass (ug g~ dw) TDI (ug d 1) Max. seaweed biomass intake (g dw d™1)
CF PF NE HPPW CF PF NE HPPW

Total arsenic (As) 6.12 +£0.13 591 + 0.28 3.12 +£0.12 4.06 + 0.09 Not established

Inorganic arsenic (iAs) 0.64 + 0.048 0.70 + 0.14 0.07 + 0.02 0.05 + 0.01 8.30 13 12 119 166
Cadmium (Cd) 0.14 £+ 0.02 0.13 £ 0.01 0.07 £ 0.01 0.05 £ 0.002 22.61 162 174 323 452
Mercury (Hg) 0.0058 + 0.0004 0.0048 + 0.0003 0.0047 =+ 0.0005 0.0076 + 0.0010  36.17 6236 7535 7697 4759

Lead (Pb)” 0.122 £ 0.009 0.098 + 0.008 0.065 =+ 0.005 0.061 + 0.004 22.78 187 232 350 373

Iodine (I) 85.05 + 10.20 54.50 + 4.30 24.68 + 4.14 26.47 + 3.91 600 7 11 24 23

2 EFSA does not provide reference values for inorganic arsenic and lead; instead, the lowest dietary exposure (0.13 and 0.36 pg kg body weight ™!, respectively) in
average adult consumers in Europe is used as a reference [58,60] for conservative values.

Table 7

Recommended daily intake (RDI) of selected essential elements (Ca, Cu, Fe, K,
Mg, Mn, Mo, Se, and Zn) as set by the Swedish Food Agency [65], and the
contribution to the RDI from consuming 23 g of dry weight (dw) of P. palmata
cultivated with herring production process water (HPPW). For comprehensive
details on total elements, see Table A.1.

RDI (mg) mg from 23 g dw % of RDI from 23 g dw
Ca 950° 27.07 3
Cu 0.9" 0.15 17¢
Fe 9" 0.37 4
K 3500° 2206 63!
Mg 350" 75.51 22¢
Mn 3¢ 0.14 5
Mo 0.065° 0.006 9
Se 0.09 0.008 9
Zn 12.7° 0.34 3

@ adults aged 25 and older. No RDI is established for K and Se, instead, the
adequate intake (AI) is used.

> men aged 17 and older.

¢ adults aged 18 and older.

d qualify for a nutrition claim (RDI > 15 %).

weeks of the experiment. The increase in growth rate observed in HPPW
and nutrient-enriched controls at around 5 % fw d~! is in agreement
with previous studies using nutrient-enriched media for P. palmata. For
example, Corey et al. [39] showed that P. palmata integrated with
Atlantic halibut in a land-based aquaculture system grew by 1.1 % d !
compared to 0.8 % dlin the controls, while Schmedes and Nielsen [30]
observed a max SGR of 3.9 % d ! at 120 yM NO3 and 6.86 % d ! at
1200 pM NOs. It is, however, important to consider the size and
developmental stage of P. palmata used in the different experiments, as
Corey et al. [39] uses larger, mature fronds that tend to grow more
slowly than the smaller tissue fragments used in Schmedes and Nielsen
[301.

Interestingly, P. palmata cultivated with HPPW developed morpho-
logical changes after five weeks, with fronds becoming curled, leathery,
and tougher in texture (Fig. 4). Corey et al. [83] described comparable
morphological changes in high nitrogen concentrations (300 pM NO3)
and hypothesized that the ruffling may lead to an increase in surface
area available for nutrient uptake. Similar changes in morphology have
also been observed for Prasiola stipitata when growing in nitrogen-rich
environments such as rocks defecated by sea-birds (S. Steinhagen,
pers. com, 2025). However, in our experiment, P. palmata cultivated in
the nutrient-enriched control did not exhibit such morphological
changes, suggesting a unique effect of the HPPW. Another possible
explanation is that the HPPW contains or increases the growth of
morphogenesis and growth-promoting bacteria associated with the
seaweed [84,85]. Seaweeds are dependent on symbiotic bacterial com-
munities on their surfaces and rhizoids for their development and
functioning. For example, in some Ulva species, the morphology is
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strongly influenced by the presence of specific bacteria. Depending on
the associated bacteria, their structure can be either flat and two-cell
layered or tubular and single-cell layered [86,87]. An increase in func-
tioning microbiota on the P. palmata could also help explain the higher
nitrogen and amino acid content in biomass cultivated in the HPPW,
discussed below. Further research should characterize the bacterial
communities of P. palmata under different cultivation conditions, as this
may have important effects on biomass production and quality in
aquaculture.

This study reveals that HPPW has a strong positive effect on the
measured biochemical composition of P. palmata. HPPW elevated the
tissue nitrogen content by 54-76 %, to an average of 4.04 % dw,
compared to the other treatments. This effect was visible already after
the first week (Fig. A.1B). Previous studies have shown that the typical
tissue nitrogen content of P. palmata ranges from 1.5 to 4.04 %, with
high levels achieved in nutrient-rich media [14]. For example, Idowu
et al. [36] found that cultivation in F/2 media increases the tissue ni-
trogen content to 3.18-4.15 % dw compared to 1.10-1.21 % dw in
controls. The buildup of nitrogen in the biomass from cultivation in
HPPW also resulted in biomass with a higher content of TAA. However,
the specific nitrogen-to-protein conversion factor for the P. palmata in
this experiment ranged between 3.52 and 3.71, indicating that a pro-
portion of the nitrogen is non-protein nitrogen and thus used for things
other than protein synthesis [33,88]. Using the conventional conversion
factor of 6.25, or the more recent adapted factor of 5, for seaweeds [33]
would therefore overestimate the protein content in this study, which is
in line with previous studies [88,89]. Part of the explanation for the
lower conversion factor in this study may be attributed to the analytical
method used for AA quantification, in which e.g. tryptophan, cysteine,
and methionine are either destroyed or partially destroyed during the
acid hydrolysis, leading to underestimation of the nitrogen-to-protein
conversion factor. Furthermore, the nitrogen content of amino acids
varies considerably, making the specific amino acid composition of the
seaweed biomass a key factor influencing the conversion factor
[33,90,91]. In addition, seaweed biomass contains nitrogen compounds
other than proteins, such as nucleic acids and amines [88,91,92].
Nonetheless, the results show that the biomass of P. palmata, regardless
of cultivation medium, possesses a high-quality amino acid profile
comparable to that of high-protein sources such as beef, fish, and soy
protein [67,68], and containing all the EAA in levels exceeding the re-
quirements set by the WHO/FAO/UNU [66]. Additionally, the
P. palmata biomass cultivated in HPPW was rich in the umami-
enhancing amino acids glutamic acid and aspartic acid, indicating its
potential value for use in food applications [93].

For the measured pigments, the results from this experiment showed
that chlorophyll a (1.12 mg g~ dw), carotenoid (0.42 mg g~! dw), and
phycobiliprotein (R-PE: 4.43 mg g~ ! dw, R-PC: 1.10 mg g~ dw) content
increased when cultivated with the HPPW compared to in seawater
controls. The increase in chlorophyll content is consistent with nitrogen
being a significant component of the chlorophyll molecule [94,95].
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Regarding the upregulation of phycobiliproteins, it aligns with their
function as nitrogen storage compounds in red seaweeds [77,79,80].
While this relationship between pigments and elevated nitrogen levels
[34] was not evident in the first experiment, it became visible under
nutrient-rich cultivation conditions. There is a growing interest in these
seaweed-derived pigments due to their potential antioxidant and anti-
inflammatory properties with a role in human health [17,18]. As a
result, this has evoked increased attention from the pharmaceutical,
cosmetic, and functional food industries [17,18]. Other promising ap-
plications of the monitored seaweed-derived pigments are as food col-
orants [96] and in different biomedical applications and clinical
diagnostics [97]. Consequently, enhancing pigment content in
P. palmata through cultivation with nutrient-rich media like HPPW of-
fers a valuable strategy to increase the functional and economic poten-
tial of the biomass.

It is well known that seaweeds can accumulate toxic elements from
their environment [25], which may be a concern for their use in food
applications. Of specific concern is iAs as it is the cancerogenic form of
As, while Cd, Pb, and Hg can have severe effects on the kidney function,
nervous system, or increase the risk of cancer [25,27,98]. Furthermore,
while iodine is an essential micronutrient for human health, excess
intake may lead to negative effects [20,21]. In this experiment, the
contents of these toxic and potentially toxic elements were generally
lower in P. palmata biomass cultivated with the HPPW compared to in
the seawater controls. Notably, the proportion of iAs to As in P. palmata
cultivated in the seawater controls was around ten-fold higher than in
nutrient-enriched and HPPW treatments. However, all levels of the
measured toxic elements were below previously reported values for
P. palmata, showing that it is important to consider geographic, seasonal,
and cultivation variations, as these factors seem to influence the content
of the biomass significantly [6,10,27,99].

Although the reason for the lower levels of toxic and potentially toxic
elements in the P. palmata cultivated with HPPW and nutrient-enriched
media is only speculative at this point, one hypothesis is that increased
growth rates lead to a dilution effect of the toxic elements. This is sup-
ported by a negative correlation between SGR and toxic element con-
centration (Fig. A.2), and similar patterns have also been observed for
rapidly growing tree leaves [100]. Another possible explanation in-
volves changes in the biochemical composition of the biomass, where
increased levels of proteins and macrominerals (Table A.1) may reduce
the relative proportion of negatively charged sulfated polysaccharides.
Furthermore, since binding efficiency is influenced by the degree of
sulfation, a reduction in sulfated groups could lead to a decreased metal
uptake [101,102]. Regardless, cultivation in nutrient-enriched media
results in a reduced accumulation of toxic and potentially toxic elements
in the biomass, and the cause of this effect is an area that is worth
investigating further.

For all treatments, iodine was the limiting factor for tolerable daily
intake. The maximum daily consumption of P. palmata based on iodine
content was 23 g dw for P. palmata grown in HPPW, corresponding to
160 g dw per week. Converted to fresh weight, it would mean 160 g and
1130 g on a daily or weekly intake, respectively. When compared to the
average daily seaweed biomass intake in Japan (4.0 g dw), China (5.2 g
dw), or South Korea (8.5 g dw) [103], the potential health risk for excess
iodine intake appears relatively low. Furthermore, these estimations are
based on the EFSA reference body weight for adults (63.3 kg) [63], a
conservative estimate that likely underestimates the average European
body weight, while also assuming that all iodine and toxic elements are
bioavailable. Due to the enhanced growth and raised content of protein
and phytonutrients of P. palmata when cultivated in HPPW, the contri-
bution of essential elements when consuming the safe intake portion of
23 g dw was assessed. Beyond providing 3-4 g of protein, this amount
would contribute to a substantial fraction of the RDI for K, Mg, and Cu,
while also making a meaningful contribution to the intake of other
essential elements. For example, compared to commonly consumed
vegetables such as fresh spinach, which are often cited for their high
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macro- and trace element content, dried P. palmata contains approxi-
mately 13 times more K, 3 times more Se, 1.4-1.6 times more Ca and Zn,
while offering comparable levels of Fe [104]. These findings suggest that
seaweeds may become an important dietary source of macro- and trace
elements. It is essential to further investigate how post-harvest pro-
cessing methods like blanching, washing, and boiling affect the content
and bioavailability of these elements [22,105,106], while also investi-
gating the impact of protein extraction processes [107,108]. In relation
to blanching, there has been significantly more focus to date on the
brown kelp species than on the red species, such as P. palmata.

5. Conclusion

This study demonstrates that the growth and nutritional content of
P. palmata can be significantly boosted by adding discarded food side
streams to the cultivation settings. Thus, supporting the sustainable and
circular transformation of discarded food side streams into valuable
nutrient-rich resources for seaweed cultivation. Optimal growth rates
were achieved at 22.5PSU and 180 pmol photons m~2 s}, and adding
HPPW further boosted the growth rate, tissue nitrogen content, and
provided amino acid content exceeding dietary requirements for all
essential amino acids. P. palmata cultivated with HPPW also showed
elevated pigment content and reduced concentration of toxic and
potentially toxic elements, including inorganic arsenic, cadmium, and
lead. While iodine limits the safe daily intake to 23 g dw (160 g fw) in
HPPW cultivated biomass, this level is well above the average seaweed
consumption in Asia, and could serve as a valuable dietary source of
macro- and micronutrients. The findings of this study support recent
recommendations for developing the European seaweed sector with
cultivation protocols for underutilized, protein-rich seaweeds and the
reuse of nutrient-rich food process waters as a strategy to enhance
biomass productivity and circularity in food production [109]. From a
food perspective, the observed morphological change under HPPW
cultivation and its implications on texture, sensory qualities, and
nutrient bioavailability warrant further investigation. Finally, given the
seasonal variability in growth, protein-, and elemental content of
P. palmaria, future studies should assess year-round cultivation in the
proposed settings.
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