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Abstract: Eutrophication, coupled with ocean acidification and warming, results in an increased con-
centration of marine algae, severely impacting some regions. Several algae are a rich source of protein
and minerals. Marine algae are rich in bioactive molecules with antioxidants, anti-inflammatory,
anti-fungal, and antimicrobial properties. These properties make them attractive for usage in the
pharmaceutical industry. This study evaluated Sargassum sp., Spirulina sp., and Gracilaria sp. for use
as poultry feed. Chemical analyses show that crude protein (CP) in analyzed algae was 9.07–63.63%,
with a fiber content of 0.15–17.20%, and a crude fat range of 0.152–2.11%, suggesting that algae
can partially substitute imported protein sources used for poultry feed. A rapid impact assessment
matrix (RIAM) was used to assess the environmental footprint of algae usage in poultry feed. The
environmental assessment results show promising opportunities to help harvest the algae from the
marine area. However, the feasibility of establishing outdoor algal ponds is not environmentally
viable in the Middle East.

Keywords: eutrophication; marine algae; crude protein; RIAM

1. Introduction

Ocean acidification and ocean warming are obliterating the physicochemical char-
acteristics of the oceans [1]. The growth of phytoplankton is likely to improve due to
the exceedance of carbon dioxide in aquatic systems [2–6]. Algae are known for their
higher biomass production capacity per unit area due to their enhanced photosynthetic
efficiency. Microalgae and the macroalgae are found in littoral zones and in open oceans.
The recurrence of Sargassum across the Atlantic has posed a significant environmental
and socio-economic challenge. Caribbean people attempted to turn this catastrophe into
an opportunity [7]. Algae utilize carbon dioxide and other nutrients including nitrogen
and phosphorous for their growth and propagation [8–16]. Pelagic Sargassum has been
known to fix carbon and nitrogen [17]. They also absorb and adsorb various contaminants
from the aquatic environment [18,19]. Studies have demonstrated the presence of bacterial
and fungal communities with seaweed rich in bioactive compounds, including some with
antimicrobial properties [20,21]. Sargassum is rich in beta carotene and vitamins and free of
anti-nutrients [22]. Several workers have reported metal uptake, and fewer have looked at
organic contaminants like polycyclic aromatic hydrocarbons (PAHs) [23]. While the use
of microalgae for the production of biofuels has been extensively researched, few studies
have considered algae as poultry feed [24–26]. Using locally available natural resources
may contribute to food security and sustainability, especially during a global crisis such as
the COVID-19 pandemic.

Macroalgae are critical for carbon dioxide uptake and nutrient cycling, playing a
significant role in providing habitats for marine organisms [27] in the Persian/Arabian Gulf
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(hereafter “Gulf”) [28]. The occurrence of harmful algal blooms (HABs) can pose a concern
to the safety of algae use in animal feed. Only about 2% of the more than 5000 species of
algae are toxic. The occurrence of the toxic species is rare in the Gulf [29,30].

Macroalgae are abundant in the Gulf, and they provide habitat and food for a wide
variety of mollusks, crustaceans, annelids, and even fish [31]. A significant quantity of
macroalgae washes ashore in Kuwait and over the Gulf during the summer season. A
strategic environmental impact assessment (SEIA) was carried out to assess the viability
of two commonly grown microalgae (Spirulina sp. and Gracilaria sp.) and macroalgae
(Sargassum sp.) as poultry feed, considering their nutritional level and abundance [32].
However, we are also mindful of their capacity to concentrate metals that might reach
toxic levels. Studies have shown preferential uptake and assimilation of 210Po and 210Pb in
several algal species [4]. The quantities of the macroalgae washed ashore and concentrated
at certain places are huge, whereas microalgae extraction from the marine area is not a very
practical option. Hence, we assessed the macroalgae Sargassum sp., imported from India
and collected from Kuwait’s territorial water. The microalgae Spirulina sp. and Gracilaria sp.
were also assessed because they are widely cultivated and used as a food supplement.

2. Materials and Methods

The local Sargassum sp. was harvested from different locations in Kuwait, such as
Al-Salam beach (Shuwaikh) and the Fintas, Funaitees, and Al-Khairan areas (Figure 1).
The amount washed up on the shores was plentiful, and covered the entire shore area, in
addition to the ones floating on the shallow waters. The algal masses were collected in dark
bags to prevent exposure to direct light and oxidation of lipids. They were first washed
with sea water and then with fresh water, after which excess water was drained on cement
slabs, and then packed into black bags to be transported to the laboratories for drying and
grinding. The commercial algae were purchased powdered and ready to use (Farm Ocean
Technologies India PVT. Ltd., Nagercoil, Tamil Nadu, India).

In this study, 595 one-day-old male Cobb 500 broiler chicks were raised in cages. This
study utilized cages to improve space utilization and cost reduction. The experimental diet
was given to chickens from 1 d until they were till slaughtered at 35 d. The experimental
design was identical to Al-Khalaifah et al. [33] (Supplementary Materials).

The samples were analyzed in triplicate in the Kuwait Institute for Scientific Re-
search. Ten random samples from each algae type were used. The following analyses were
conducted: moisture, ash, crude protein, and crude fat using standard techniques. Two
grams of algae was taken to determine the moisture content using the thermogravimetry
method [34,35]. The ash content was determined by taking 2 gm of algae using oxidation
drying at 575 ◦C [36]. Crude protein was determined using the Macro-Kjeldahl method [37]
that entails the conversion of nitrogen into ammonium sulphate by acid digestion. Crude
fat was determined using the procedure detailed in Al-Khalaifah et al. [31] using 2 gm
of algae sample and extraction by a chloroform: methanol (2:1) solution, following the
standard procedure of Chen, et al. [38]. The fiber content was measured in the samples
using a Fibertec system. A moisture- and fat-free sample was first digested with a weak
acid and a weak base solution. The digested residue was then collected in a filter crucible,
dried, and then ignited. The loss of weight on ignition is the crude fiber.

The lipid profile was analyzed in these algal samples using gas chromatography [39].
The technique has been well established since the 1950s, utilizing the fact that fatty acids
can be separated more efficiently at lower temperatures. Gas chromatography requires fatty
acids to be derivatized to become sufficiently volatile and eluted at reasonable temperatures
without thermal decomposition. This usually involves the substitution of functional-group-
containing hydrogen to form esters, thioesters, or amides for analysis. Methyl esters are
commonly studied derivatives that are produced by methylation. In this method, the
ester bonds in complex lipids are hydrolyzed to release free fatty acids transmethylated
to form fatty acid methyl esters (FAME). The resulting profile of FAME is determined by
gas chromatography [40,41]. The technique allows both the proportions of individual fatty
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acids and their concentrations to be measured [42]. The injection temperature was set to
140 ◦C, and helium was used as the carrier gas with a pre-column split ratio of 50:1 and a
head pressure of 37.34 psi. This setting was optimal for determining the necessary fatty
acids in chicken meat samples. The GC was standardized using the 37 FAME standard mix.
The presence of metals including As, Ba, Mo, V, Ag, Ni, Pb, Cd, Cr, Cu, Zn, and Hg was
determined in the algae samples using an inductively coupled plasma (ICP) following the
USEPA method 6010B [43].
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The cellular immune response was measured in ten birds per treatment at 35 days
of age using the phytohemagglutinin (PHA) test, represented by the subsequent swelling
at the injection site (wattle) following the procedure stated in Al-Khalaifah [44,45]. The
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humoral immune response was assessed in ten broiler chickens of five weeks of age from
each treatment. Antibody titers were assessed using sheep red blood cells (RBC) following
the procedure adopted by Schoeni and Doyle [46]. Furthermore, hindgut acidosis was
measured by collecting the hindgut digesta into tubes, and the pH value was measured
with a probe following Li et al. [47].

The environmental impact of the possibility of using algae as poultry feed was assessed
using the rapid impact assessment matrix (RIAM) [48,49]. The RIAM method is holistic and
provides a valuable tool for organizing and analyzing the coherent data sets for conducting
an environmental impact assessment (EIA). This is a structured and straightforward method
that provides flexibility in selecting parameters, and has been upgraded by coupling
an environmental database for more realistic environmental scores [50]. In RIAM, the
impacts of project activities are evaluated against the environmental components. For each
component, a score (using the defined criteria) is determined, which measures the expected
impact from the specific component.

3. Results
3.1. Chemical Characterization of the Algal Species

The analysis of the algal samples was conducted, and the proximate results of moisture,
ash content, fat, proteins, and fiber are presented in Table 1. Results in Table 1 show that the
moisture content of Sargassum sp. collected from Kuwait territorial waters varied between
18 ± 1%. The ash content was 13.05 ± 2.01%, while the crude protein, fat, and fiber content
were 21.6 ± 0.02%, 0.152 ± 0.12, and 17.20 ± 0.50%, respectively. The algae from India
were procured dry, so the moisture content was not determined for these samples. The ash
content in Sargassum sp. from India was 24.39 ± 0.04, the fat content was 1.07 ± 0.10%,
and the fiber was 13.90 ± 0.19%. The protein content in Sargassum samples was between
9.51 and 0.08% and the energy was 308.79 calories from 2 gm of dry sample. The chemical
characterization highlights a significant difference in the two Sargassum samples obtained
from Kuwait and India. This variance can be attributed to different species, as well as the
environmental milieu. The Sargassum from Kuwait was collected from territorial water that
is known to be higher in metal content, but the provenance of the Sargassum from India is
not known.

Table 1. Proximate Analyses of the Various Algal Samples.

Sample Moisture (%) Ash (%) Crude Fat (%) Crude Fiber
(%)

Crude Protein
(%)

Energy (Calories/g)
Dry Weight

Sargassum sp. * 18.3 ± 0.3 24.39 ± 0.04 1.07 ± 0.10 13.90 ± 0.19 9.51 ± 0.08 154.4
Spirulina sp. * 5.3 ± 0.2 7.76 ± 0.05 2.11 ± 0.54 0.15 ± 0.17 63.63 ± 0.24 189.8
Gracilaria sp. * 19.05 ± 0.25 54.66 ± 0.10 1.01 ± 0.42 4.62 ± 0.20 9.07 ± 0.13 93.2

Sargassum sp. + 18.9 ± 0.4 13.05 ± 2.01 0.152 ± 0.12 17.20 ± 0.50 21.6 ± 0.02 157.2
* Sourced from India; + Sourced from Kuwait coastal waters.

The blue-green algae Spirulina was analyzed, and the ash content was low (7.76 ± 0.05%).
The protein content was very high, with an average value of 63.63 ± 0.24%. The average
crude fat and fiber contents were 2.11 ± 0.54% and 0.15 ± 0.17%, respectively.

The ash content of Gracilaria was very high at 54.66 ± 0.10%. The protein was lower
compared to Spirulina and was only 9.07 ± 0.13%, and the fiber content was 4.62 ± 0.20%.
The fat content of Gracilaria was 1.01 ± 0.42%. Based on these analytical results, it was
evident that Spirulina sp. was the best candidate based on its protein content, low level of
ash, and crude fiber. The protein content of Sargassum sp. and Gracilaria sp. was relatively
low, while the ash content was higher than Spirulina. The prevalence of Sargassum is very
high in marine areas across the globe, especially in the Caribbean. We believe it makes a
very strong candidate for addition to the poultry feed.
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3.2. Lipid Profile Analysis

The lipid profile analyses of the samples are presented in Tables 2 and 3. However,
for comparison, the results are summarized considering the ratios of ∑n-6:∑n-3, which are
vital to determine the feed quality. The ∑n-6:∑n-3 for Sargassum collected from Kuwait’s
coast varied between 0.61 and 0.63, whereas for the imported Sargassum, the ratio was 0.35.
The ∑n-6:∑n-3 ratio for Gracilaria was 0.62, which was identical to the Sargassum collected
from Kuwait. However, the ∑n-6:∑n-3 ratio for Spirulina sp. was 41.27, almost two orders
of magnitude higher than the other analyzed algae.

Table 2. Fatty Acid Composition of Marine Algae (Sargassum sp.) Collected from Five Different
Locations in Kuwait.

Fatty Acids (wt%)

Algae 1 Algae 2 Algae 3 Algae 4 Algae 5

C4:0 0.22 0.24 0.39 0.32 0.40
C8:0 0.09 0.00 0.11 0.00 0.00
C12:0 0.18 0.27 0.00 0.00 0.19
C14:0 3.56 3.74 3.64 3.70 3.68
C15:0 0.64 0.65 0.63 0.62 0.65
C16:0 35.37 36.78 36.84 37.21 37.11

C16:1n7 6.90 7.65 7.07 7.28 7.01
C17:0 0.31 0.31 0.00 0.28 0.00
C17:1 0.29 0.32 0.00 0.49 0.32
C18:0 1.39 1.39 1.46 1.27 1.35

C18:1n9trans 0.26 0.00 0.00 0.00 0.00
C18:1n9cis 16.53 16.58 16.98 16.22 16.60

C18:2n6trans 0.35 0.39 0.46 0.39 0.41
C18:2n6cis 4.00 3.93 3.99 3.85 3.88

C20:0 0.95 0.98 1.00 0.91 0.94
C18:3n6 2.40 2.51 2.48 2.36 2.44
C18:3n3 0.97 0.96 1.07 1.09 1.03
C20:1n9 0.23 0.00 0.00 0.00 0.00

C21:0 1.65 1.82 1.82 1.65 1.75
C20:2 0.26 0.00 0.00 0.25 0.00
C22:0 0.77 0.69 0.64 0.68 0.64

C20:3n6 0.78 0.74 0.87 0.78 0.81
C20:3n3 10.63 10.67 10.56 10.31 10.37

C23:0 0.50 0.47 0.48 0.49 0.48
C22:2 0.00 0.11 0.16 0.00 0.00
C24:0 3.57 3.47 3.40 3.10 3.29

C20:5n3 0.55 0.50 0.63 0.58 0.59
C24:1n9 0.26 0.13 0.17 0.24 0.00
C22:1n9 1.89 1.75 2.02 2.00 1.98
C22:6n3 0.19 0.00 0.06 0.00 0.00

Total 95.65 97.03 96.93 96.06 95.92
∑SAT 1 49.19 50.80 50.42 50.23 50.49

∑MONO 2 26.34 26.43 26.25 26.23 25.91
∑PUFA 3 17.73 17.30 17.79 17.24 17.09

∑n-6 4 7.53 7.57 7.80 7.38 7.53
∑n-3 5 12.34 12.14 12.31 11.97 12.00

∑n-6:∑n-3 6 0.61 0.62 0.63 0.61 0.62
1 ∑SAT = Sum percentage of saturated fatty acids (C8:0, C10:0, C12:0, C14:0, C15:0, C16:0, C17:0 C18:0, C21:0,
C22:0, C23:0, 24:0); 2 ∑MONO = Sum percentage of monounsaturated fatty acids (C14:1, C16:1n7, C17:1, C18:1n9t,
C18:1n9cis, C20:1n9, C24:1n9, C22:1n9); 3 ∑PUFA = Sum percentage of polyunsaturated fatty acids (C18:2n6t,
C18:2n6c, C18:3n-6, C18:3n3, C20:2, C20:3n6, C20:3n3, C22:2, C20:5n3, C22:6n3); 4 ∑n-6 = Sum percentage of n-6
polyunsaturated fatty acids (C18:2n-6t, C18:2n-6c, C18:3n-6, C20:3n-6, C22:4n6); 5 ∑n-3 = Sum percentage of n-3
polyunsaturated fatty acids (C18:3n-3, C20:3n-3, C20:5n-3, C22:6n-3); 6 ∑n-6:∑n-3 = ratio of ∑n-6 to ∑n-3, Algae
1–5: algae samples from Al-Salam, Al-Fintas, Al-Funaitees, Al-Khairan, Al-Misela, respectively.
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Table 3. Fatty Acid Composition of the Commercial Algae Samples.

Fatty Acids (wt%)

Sargassum sp. Spirulina sp. Gracilaria sp.

C8:0 0.00 0.31 0.00
C10:0 0.16 12.56 2.20
C12:0 0.12 0.19 0.00
C14:0 4.59 0.69 1.77
C14:1 0.00 0.18 0.24
C15:0 0.00 0.12 0.27
C16:0 41.73 48.09 63.99

C16:1n7 5.34 3.13 1.71
C17:0 0.00 0.37 0.00
C17:1 0.80 0.42 0.00
C18:0 0.87 1.15 2.13

C18:1n9trans 0.00 0.26 0.00
C18:1n9cis 12.14 4.01 9.26

C18:2n6trans 0.00 0.12 0.00
C18:2n6cis 5.04 12.75 2.09

C18:3n6 0.51 13.25 0.30
C18:3n3 5.83 0.63 0.52
C20:1n9 0.56 0.00 0.00

C21:0 2.71 0.00 0.00
C20:2 0.00 0.09 0.23
C22:0 0.51 0.16 2.49

C20:3n6 0.50 0.00 0.67
C20:3n3 9.43 0.00 3.15

C23:0 0.48 0.00 0.00
C22:2 0.00 0.00 1.87
C24:0 1.65 0.00 0.00

C20:5n3 1.92 0.00 0.00
C24:1n9 0.00 0.00 1.37
C22:4n6 0.00 0.00 0.26
C22:6n3 0.00 0.00 1.24

Total 94.86 98.48 95.77
∑SAT 1 52.81 63.64 72.85

∑MONO 2 18.84 8.00 12.58
∑PUFA 3 23.22 26.75 10.11

∑n-6 4 6.05 26.00 3.06
∑n-3 5 17.17 0.63 4.92

∑n-6:∑n-3 6 0.35 41.27 0.62
1 ∑SAT = Sum percentage of saturated fatty acids (C4:0, C8:0, C12:0, C14:0, C15:0, C16:0, C17:0 C18:0, C20:0,
C21:0, C22:0, C23:0, 24:0); 2 ∑MONO = Sum percentage of monounsaturated fatty acids (C16:1n7, C17:1, C18:1n9t,
C18:1n9cis, C20:1n9, C24:1n9, C22:1n9); 3 ∑PUFA = Sum percentage of polyunsaturated fatty acids (C18:2n6t,
C18:2n6c, C18:3n-6, C18:3n3, C20:2, C20:3n6, C20:3n3, C22:2, C20:5n3, C22:6n3); 4 ∑n-6 = Sum percentage of
n-6 polyunsaturated fatty acids (C18:2n-6t, C18:2n-6c, C18:3n-6, C20:3n-6); 5 ∑n-3 = Sum percentage of n-3
polyunsaturated fatty acids (C18:3n-3, C20:3n-3, C20:5n-3, C22:6n-3); 6 ∑n-6:∑n-3 = ratio of ∑n-6 to ∑n-3.

3.3. Heavy Metal Concentration in Algae Samples

The trace metal concentrations in macroalgae and microalgae were determined. The
average metal concentrations for arsenic (As), zinc (Zn), chromium (Cr), nickel (Ni), barium
(Ba), molybdenum (Mo), copper (Cu), vanadium (V), lead (Pb), cadmium (Cd), silver (Ag),
and mercury (Hg) are presented in Table 4. The concentrations in Sargassum collected from
Kuwait’s marine area were in the following order: As > Ni > Zn > Cr > Ba > Cu > Mo > V > Pb,
whereas Cd, Ag, and Hg were below the detection limit of 0.01 µg g−1. The As levels in
Spirulina and Gracilaria were below the detection limit. However, a higher level of Zn in
Spirulina can probably be related to its bioaccumulation potential.
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Table 4. Trace Metals (in µg g−1) in the Algae Samples.

Algae As Ba Cd Cr Cu Mo Ni Pb V Zn Ag Hg

Sargassum sp. (Kuwait) 0.59 0.23 <0.01 0.35 0.09 0.04 0.44 0.01 0.04 0.35 <0.01 <0.01
Sargassum sp. 0.55 0.12 0.02 0.05 0.03 <0.01 0.03 <0.01 0.02 0.12 <0.01 <0.01
Spirulina sp. <0.01 0.06 <0.01 0.07 0.06 <0.01 0.07 <0.01 <0.01 0.43 <0.01 <0.01
Gracilaria sp. <0.01 0.06 0.01 1.69 0.06 0.23 0.84 0.061 0.45 0.25 <0.01 <0.01

The higher levels of arsenic in seaweed are known [51,52]. The levels measured were
within an acceptable limit based on the previous reporting, which stipulated 40 µg g−1 as
the maximum permissible limits for arsenic in seaweed used for animal feed rations. Based
on the trace metal results, all these algal samples can be considered suitable for use as a
feed additive.

3.4. Performance of Broiler Chickens with Algal Feed Additives

Feed is considered the most significant financial input in Kuwait’s poultry industry,
accounting for about 70% of the operational cost [33,53]. Most of the corn, soybean, and
minerals and vitamins used as feed are imported. Marine algae are considered an additive,
which could also be used to partially replace the soybean for its protein content and
reduce the cost of the feed. However, the algal protein content is insufficient for complete
replacement. The replacement of Sargassum sp., Spirulina sp., and Gracilaria sp. at 2.5,
6, and 10% in the poultry feed was assessed for the performance and immune status of
broiler chickens.

Results of the production performance parameters indicated that the algal inclusions
had no adverse effect on production performance parameters such as feed efficiency, growth
rate, feed consumption, and mortality. However, body weight was enhanced when broiler
chickens were supplemented with Gracilaria sp. compared with the control group. The
immune response functions were enhanced when birds were supplemented with the algal
inclusions. A higher cellular response expressed as T-cells in the wattle area (p = 0.037)
was observed in groups with algal inclusions. With Sargassum sp., the humoral response,
represented by antibody titers, was also enhanced. The published results of the algal
addition to broiler feed [33] show enhancement in the cellular and humoral immune status
of broilers. At the same time, they promote healthy microflora in their guts, including the
inhibition of Salmonella sp.

3.5. Environmental Impact Assessment of Using Algae as Poultry Feed

The RIAM provides an insight into the likely environmental implications of substitut-
ing algae as a protein source in poultry feed. The details of the RIAM scoring are provided
elsewhere in a concept paper [48,54]. The scoring in RIAM falls under two distinct cate-
gories: A is the independent condition that can change the score, while B is criteria that add
to the amplitude of change, its spatial extent, and its permanence; however, they cannot
change the score independently. The environmental scores have been assigned considering
how algae as a poultry feed is likely to affect the environmental baseline. The paper also
sheds insight on the feed quality and the performance of poultry. The RIAM is presented
in Table 5, and the visual assessment is in Figures 2 and 3.

Table 5. The Rapid Impact Assessment Matrix for Use of Algae as Additive to Poultry Feed.

Physical and Chemical Components (PC)

Components ES RB A1 A2 B1 B2 B3

PC1 Removal of algal biomass 9 A 1 1 3 3 3
PC2 Uptake and accumulation of metals 18 B 1 2 3 3 3
PC3 Uptake and accumulation of radionuclides 18 B 1 2 3 3 3
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Table 5. Cont.

Physical and Chemical Components (PC)

Components ES RB A1 A2 B1 B2 B3

PC4 Accumulation of hydrocarbons 3 A 1 1 1 1 1
PC5 Growth of algal ponds for climate change mitigation 7 A 1 1 1 3 3
PC6 Carbon dioxide sequestration for biomass conversion 9 A 1 1 3 3 3

Biological and Ecological Components (BE)

Components ES RB A1 A2 B1 B2 B3

BE1 Increase in algal biomass under changing climate 9 A 1 1 3 3 3

BE2 Performance of broiler chicken with substitution of 2.5%
Sargassum in poultry feed 0 N 0 1 1 1 1

BE3 Performance of broiler chicken with substitution of 6%
Sargassum in poultry feed 0 N 0 1 1 1 1

BE4 Performance of broiler chicken with 10% substitution of
Sargassum in poultry feed 0 N 0 1 1 1 1

BE6 Performance of broiler chicken with substitution of 2.5%
Spirulina in poultry feed 0 N 0 1 1 1 1

BE7 Performance of broiler chicken with 6% substitution of
Spirulina in poultry feed 0 N 0 1 1 1 1

BE8 Performance of broiler chicken with substitution of 2.5%
Gracilaria in poultry feed 0 N 0 1 1 1 1

BE9 Performance of broiler chicken with 6% substitution of
Gracilaria in poultry feed 0 N 0 1 1 1 1

BE10 Performance of broiler chicken with 10% substitution of
Gracilaria in poultry feed 0 N 0 1 1 1 1

BE11 Performance of broiler chicken with 10% substitution of
Spirulina in poultry feed 0 N 0 1 1 1 1

Sociological and Cultural Components (SC)

Components ES RB A1 A2 B1 B2 B3

SC1 Algal removal from coastline 32 C 2 2 3 3 2
SC2 Reduction in dependence of feed import 7 A 1 1 2 2 3

Economical and Operational Components (EO)

Components ES RB A1 A2 B1 B2 B3

EO1 Cost of feed by using Sargassum from local marine area 7 A 1 1 3 2 2
EO2 Procured algae for addition to poultry feed 14 B 2 1 3 2 2
EO3 Feed efficiency of Gracilaria 2.5% 0 N 0 0 2 1 1
EO4 Feed efficiency of Gracilaria at 6% 0 N 0 1 2 1 1
EO5 Feed efficiency of Gracilaria at 10% 0 N 0 2 2 1 1
EO6 Feed efficiency of Sargassum 2.5% 0 N 0 0 2 1 1
EO7 Feed efficiency of Sargassum 6% 0 N 0 1 2 1 1
EO8 Feed efficiency of Sargassum 10% 0 N 0 2 2 1 1
EO9 Feed efficiency of Spirulina 5% 0 N 0 −1 2 1 1
EO10 Feed efficiency of Spirulina 7.5% 0 N 0 1 2 1 1

Summary of Scores

Range −108 −71 −35 −18 −9 0 1 10 19 36 72
−72 −36 −19 −10 −1 0 9 18 35 71 108

Class −E −D −C −B −A N A B C D E

PC 0 0 0 0 0 0 4 2 0 0 0
BE 0 0 0 0 0 9 1 0 0 0 0
SC 0 0 0 0 0 0 1 0 1 0 0
EO 0 0 0 0 0 8 1 1 0 0 0

Total 0 0 0 0 0 17 7 3 1 0 0
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4. Discussion

The environmental implication of utilizing Sargassum sp., Spirulina sp., and Gracilaria
sp. in poultry feed seems optimistic from the perspective of climate change mitigation. It
has been found and hypothesized that with the increase in CO2 concentration in seawater
and eutrophication, marine phytoplankton growth will be positively affected [55–58].
Phytoplankton are essential components of marine ecosystems at the base of the food chain
and are critical for CO2 uptake. They are known to concentrate metals and transuranic
elements from surrounding waters [59]. One of the overarching effects of ocean acidification
on phytoplankton communities is the possible alternation in the chemical speciation of trace
metals. Some of these metals, such as iron (Fe), copper (Cu), and zinc (Zn), are essential for
the growth and development of phytoplankton. While others, like cadmium (Cd), mercury
(Hg), lead (Pb), and polonium (Po), have no known biological functions and are highly
toxic at even low concentrations [60,61].

The ability of macroalgae to accumulate pollutants from the environment and transfer
them to higher trophic levels in the food chain has also attracted considerable atten-
tion [62–68]. A significant accumulation of 210Po and 210Pb by macroalgae was previously
reported [19,68,69]. Thus, the radiation dose to the epifauna and 210Po transport in the food
chain is a topic of high scientific interest. In recent years, macroalgae have been used in the
pharmaceutical industry and cosmetics, and it is also being considered as a food source
for human beings and animals. The poisoning of red alga Gracilaria coronopifolia is also
reported [70] and needs to be addressed if algae is considered for large-scale inclusion in
poultry feed. Furthermore, there is a need to undertake comprehensive metal characteri-
zation of both the metals conventionally present in poultry feed and those that are toxic
before algae substitution in poultry feed is considered on large scale.

Large quantities of macroalgae are washed ashore globally as part of the natural
processes in the marine ecosystem. However, these may have implications for the biogeo-
chemical cycle of elements and for human activities [71]. For example, the recent incidences
of the Caribbean shores flooded with Sargassum sp. resulted in severe environmental and
economic concerns [72]. The Gulf shores have witnessed marine macroalgae blooms from
late February until mid-April each year, at least for the past decade [4]. During this time of
the year, the shores of Kuwait turn green, and the decay of this stranded algal biomass de-
velops slowly as fermentation progresses. The other pertinent issue is that several countries
are looking forward to using these macroalgae as fertilizer additives for soil improvement.
In addition, researchers are considering fortifying the poultry feed with macroalgae as a
protein source.

One of the significant concerns emanated from radioactive lead and polonium that
exist in algae. Even with the enriched 210Po and 210Pb concentrations in macroalgae varying
between 1.533 and 2.947 Bq kg−1 wwt, and 0.170 and 1.057 Bq kg−1 wwt, respectively, they
do not pose any concern to be used in feed. The highest concentration of 210Po and 210Pb
among all the macroalgae analyzed was found in the brown algae Sargassum boveanum
(class Phaeophyta). The 210Po/210Pb ratio in algae was always higher than the seawater
(210Po/210Pb ratio ranging between 2.67 and 10.95), suggesting an enrichment in algae.
The passive uptake via adsorption on the outer organic coating of macroalgae is likely to
be the active process. Both 210Po and 210Pb concentrations were substantially higher in
Phaeophytes than in Chlorophytes. The higher trace metal, including 210Po concentration
in Phaeophytes, is likely due to the presence of sulfated polysaccharides and alginates
within the outer layer of the cell wall of these algae, which have a strong affinity for trace
metals [73]. The lower 210Po concentration in Chlorophytes is attributed to carboxyl groups
in the polysaccharides, which are not as efficient in binding 210Po [74]. The concentration
factor of 210Po observed is 5 × 103 to 1 × 104 relative to its concentration in ambient
seawater. The trends are similar for other metals.

Current proximate analysis results suggest that the analyzed algae contained a con-
siderable amount of fats and proteins to partially replace conventional soya and corn feed.
The presence of significant omega-3 fatty acids in the algal samples is likely to benefit the
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birds and can be a healthier option for human consumption. The trace metal analyses in
the algae were within the levels observed elsewhere and were acceptable to be added to
the poultry feed without posing any threat of contamination. Four heavy metals, including
selenium, manganese, copper, and zinc are added to poultry feed as micro-nutrients. The
concentration of these metals in commercial poultry feed in Bangladesh was 0.0347, 0.5788,
0.4399 and 0.0579 ppm [75]. The use of algae as feed is also likely to benefit the marine
environment since a substantial amount of biomass can be harvested that quenches metals
and radionuclides. In spite of this quenching, the level of metals within the analyzed algae
is within the safe limits of usage as feed [76]; this will help maintain levels of dissolved
metals in seawater. The utilization of the algae in poultry feed will also have a positive
economic implication, as up to 10% of algae can be added to the feed, saving a considerable
amount of soya and corn. The use of Sargassum, Enteromorpha, Ulva, and other varieties,
which are commonly washed ashore in Kuwait, will be a multi-dimensional approach to
the utilization of the algae washed ashore, thus maintaining the water quality and reducing
dependence on conventional poultry feed sources.

5. Conclusions

The strategic environmental impact assessment provides a promising overview on the
use of algae as poultry feed. The algae harvesting is likely to have a positive impact on
the environmental baseline when utilized as a poultry feed. The harvesting of the algae
will minimize the degradation of algae and the release of metals back into the marine
environment. The use of microalgae can bring in the perspective of creating algal ponds;
however, in this approach, the economic feasibility and environmental footprint are likely
to be negative. Open ponds in Kuwait are not feasible due to the lack of surface water
and extremely high evaporation rates in the summers. The use of algae as poultry feed is
very likely to positively impact the poultry industry in Kuwait since these feed sources
are cheaper and are comparable in performance to conventional feed. However, a more
detailed investigation and chemical characterization should be taken up, including analyses
of amino acids and metals like magnesium, iron, iodine, and selenium; consideration should
also be given to assessing whether a higher percentage of substitution can be achieved.
The palatability and capacity to extrude and palletize Sargassum should also be assessed in
future assessments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14148968/s1. The Supplementary Material is included that
describes the experimental design and antibodies concentration as result of the experiment.

Author Contributions: H.A.-K. and S.U. Conceptualization and initial draft of manuscript; H.A.-K.
Experimental design; S.U. RIAM Analyses; H.A.-K. and S.U. Revision of the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: The Kuwait Institute for Scientific Research (KISR) and the Kuwait Foundation for the
Advancement of Sciences (KFAS) have supported the study.

Institutional Review Board Statement: Approval of the Environment and Life Sciences Research
Center, KISR, was obtained for Project FA127C (2017). The guidelines PMO/PV/GM/073/2015 have
been adhered to, which ensured experimental animals were treated humanely without pain, stress,
or harm.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data is available in the manuscript and the Supplementary
Materials.

Acknowledgments: The authors are thankful to the KISR and KFAS for supporting project P116-
12SL-17 entitled “Using Marine Algae as Poultry Feed”.

Conflicts of Interest: There are no conflict of interest.

https://www.mdpi.com/article/10.3390/su14148968/s1
https://www.mdpi.com/article/10.3390/su14148968/s1


Sustainability 2022, 14, 8968 12 of 14

References
1. Uddin, S.; Gevao, B.; Al-Ghadban, A.N.; Nithyanandan, M.; Al-Shamroukh, D. Acidification in Arabian Gulf—Insights from pH

and temperature measurements. J. Environ. Monit. 2012, 14, 1479–1482. [CrossRef] [PubMed]
2. Gazeau, F.; Sallon, A.; Maugendre, L.; Louis, J.; Dellisanti, W.; Gaubert, M.; Lejeune, P.; Gobert, S.; Borges, A.; Harlay, J.; et al.

First mesocosm experiments to study the impacts of ocean acidification on plankton communities in the NW Mediterranean Sea
(MedSeA project). Estuar. Coast. Shelf Sci. 2017, 186, 11–29. [CrossRef]

3. Golda, R.; Golda, M.; Hayes, J.; Peterson, T.; Needoba, J. Development of an economical, autonomous pHstat system for culturing
phytoplankton under steady state or dynamic conditions. J. Microbiol. Methods 2017, 136, 78–87. [CrossRef] [PubMed]

4. Uddin, S.; Bebhehani, M.; Sajid, S.; Karam, Q. Concentration of 210Po and 210Pb in macroalgae from the northern Gulf. Mar.
Pollut. Bull. 2019, 145, 474–479. [CrossRef]

5. Taucher, J.; Haunost, M.; Boxhammer, T.; Bach, L.; Algueró-Muñiz, M.; Riebesell, U. Influence of ocean acidification on plankton
community structure during a winter-to-summer succession: An imaging approach indicates that copepods can benefit from
elevated CO2 via indirect food web effects. PLoS ONE 2017, 12, e0169737. [CrossRef]

6. Wu, Y.; Campbell, D.; Gao, K. Short-term elevated CO2 exposure stimulated photochemical performance of a coastal marine
diatom. Mar. Environ. Res. 2017, 125, 42–48. [CrossRef]

7. UNEP. Sargassum White Paper—Turning the Crisis Into an Opportunity; Volume Ninth Meeting of the Scientific and Technical
Advisory Committee (STAC) to the Protocol Concerning Specially Protected Areas and Wildlife (SPAW) in the Wider Caribbean
Region; United Nations Environment Programme—Caribbean Environment Programme: Kingston, Jamaica, 2021.

8. Levitan, O.; Brown, C.; Sudhaus, S.; Campbell, D.; LaRoche, J.; Berman-Frank, I. Regulation of nitrogen metabolism in the marine
diazotroph Trichodesmium IMS101 under varying temperatures and atmospheric CO2 concentrations. Environ. Microbiol. 2010, 12,
1899–1912. [CrossRef]

9. Zhou, J.; Wen, Y.; Wu, Y. Effect of Nitrogen and Phosphorus Ratio on Algal Growth in Lake Xuanwu. In Proceedings of the 5th
International Conference on Bioinformatics and Biomedical Engineering, iCBBE, Wuhan, China, 10–12 May 2011; pp. 1–4. [CrossRef]

10. Alexandre, A.; Silva, J.; Buapet, P.; Björk, M.; Santos, R. Effects of CO2 enrichment on photosynthesis, growth, and nitrogen
metabolism of the seagrass Zostera Noltii. Ecol. Evol. 2012, 2, 2625–2635. [CrossRef]

11. Hama, T.; Kawashima, S.; Shimotori, K.; Satoh, Y.; Omori, Y.; Wada, S.; Adachi, T.; Hasegawa, S.; Midorikawa, T.; Ishii, M.; et al.
Effect of ocean acidification on coastal phytoplankton composition and accompanying organic nitrogen production. J. Oceanogr.
2012, 68, 183–194. [CrossRef]

12. Paul, A.; Achterberg, E.; Bach, L.; Boxhammer, T.; Czerny, J.; Haunost, M.; Schulz, K.-G.; Stuhr, A.; Riebesell, U. No observed
effect of ocean acidification on nitrogen biogeochemistry in a summer Baltic Sea plankton community. Biogeosciences 2016, 13,
3901–3913. [CrossRef]

13. Hong, H.; Li, D.; Lin, W.; Li, W.; Shi, D. Nitrogen nutritional condition affects the response of energy metabolism in diatoms to
elevated carbon dioxide. Mar. Ecol. Prog. Ser. 2017, 567, 41–56. [CrossRef]

14. Lu, J.; Zhu, B.; Struewing, I.; Xu, N.; Duan, S. Nitrogen–phosphorus-associated metabolic activities during the development of a
cyanobacterial bloom revealed by metatranscriptomics. Sci. Rep. 2019, 9, 2480. [CrossRef] [PubMed]

15. Yaakob, M.A.; Mohamed, R.M.S.R.; Al-Gheethi, A.; Aswathnarayana Gokare, R.; Ambati, R.R. Influence of Nitrogen and
Phosphorus on Microalgal Growth, Biomass, Lipid, and Fatty Acid Production: An Overview. Cells 2021, 10, 393. [CrossRef]

16. Li, M.; Li, Y.; Zhang, Y.; Xu, Q.; Iqbal, M.S.; Xi, Y.; Xiang, X. The significance of phosphorus in algae growth and the subsequent
ecological response of consumers. J. Freshw. Ecol. 2022, 37, 57–69. [CrossRef]

17. Hanson, R.B. Pelagic Sargassum community metabolism: Carbon and nitrogen. J. Exp. Mar. Biol. Ecol. 1977, 29, 107–118. [CrossRef]
18. Uddin, S.; Aba, A.; Behbahani, M. Baseline concentration of 210Po and 210Pb in Sargassum from the northern Gulf. Mar. Pollut.

Bull. 2015, 90, 330–333. [CrossRef] [PubMed]
19. Uddin, S.; Fowler, S.W.; Behbehani, M.; Metian, M. 210Po bioaccumulation and trophic transfer in marine food chains in the

northern Arabian Gulf. J. Environ. Radioact. 2017, 174, 23–29. [CrossRef]
20. Pérez, M.J.; Falqué, E.; Domínguez, H. Antimicrobial Action of Compounds from Marine Seaweed. Mar Drugs 2016, 14, 52. [CrossRef]
21. Nazarudin, M.F.; Paramisparam, A.; Khalid, N.A.; Albaz, M.N.; Shahidan, M.S.; Yasin, I.S.M.; Isha, A.; Zarin, M.A.;

Aliyu-Paiko, M. Metabolic variations in seaweed, Sargassum polycystum samples subjected to different drying methods via 1H
NMR-based metabolomics and their bioactivity in diverse solvent extracts. Arab. J. Chem. 2020, 13, 7652–7664. [CrossRef]

22. El-Beltagi, H.S.; Mohamed, A.A.; Mohamed, H.I.; Ramadan, K.M.A.; Barqawi, A.A.; Mansour, A.T. Phytochemical and Potential
Properties of Seaweeds and Their Recent Applications: A Review. Mar. Drugs 2022, 20, 342. [CrossRef]

23. Dimbarre Lao Guimarães, I.; Casanova Monteiro, F.; Vianna da Anunciação de Pinho, J.; de Almeida Rodrigues, P.;
Gomes Ferrari, R.; Adam Conte-Junior, C. Polycyclic aromatic hydrocarbons in aquatic animals: A systematic review on
analytical advances and challenges. J. Environ. Sci. Health Part A 2022, 57, 198–217. [CrossRef] [PubMed]

24. Swiatkiewicz, S.; Arczewska-Włosek, A.; Józefiak, D. Application of microalgae biomass in poultry nutrition. Worlds Poult. Sci. J.
2016, 71, 663–672. [CrossRef]

25. Coudert, E.; Baéza, E.; Berri, C. Use of algae in poultry production: A review. Worlds Poult. Sci. J. 2020, 76, 767–786. [CrossRef]
26. Saadaoui, I.; Rasheed, R.; Aguilar, A.; Cherif, M.; Al Jabri, H.; Sayadi, S.; Manning, S.R. Microalgal-based feed: Promising

alternative feedstocks for livestock and poultry production. J. Anim. Sci. Biotechnol. 2021, 12, 76. [CrossRef]

http://doi.org/10.1039/c2em10867d
http://www.ncbi.nlm.nih.gov/pubmed/22491783
http://doi.org/10.1016/j.ecss.2016.05.014
http://doi.org/10.1016/j.mimet.2017.03.007
http://www.ncbi.nlm.nih.gov/pubmed/28323066
http://doi.org/10.1016/j.marpolbul.2019.06.056
http://doi.org/10.1371/journal.pone.0169737
http://doi.org/10.1016/j.marenvres.2016.12.001
http://doi.org/10.1111/j.1462-2920.2010.02195.x
http://doi.org/10.1109/icbbe.2011.5780900
http://doi.org/10.1002/ece3.333
http://doi.org/10.1007/s10872-011-0084-6
http://doi.org/10.5194/bg-13-3901-2016
http://doi.org/10.3354/meps12033
http://doi.org/10.1038/s41598-019-38481-2
http://www.ncbi.nlm.nih.gov/pubmed/30792397
http://doi.org/10.3390/cells10020393
http://doi.org/10.1080/02705060.2021.2014365
http://doi.org/10.1016/0022-0981(77)90042-9
http://doi.org/10.1016/j.marpolbul.2014.09.029
http://www.ncbi.nlm.nih.gov/pubmed/25440188
http://doi.org/10.1016/j.jenvrad.2016.08.021
http://doi.org/10.3390/md14030052
http://doi.org/10.1016/j.arabjc.2020.09.002
http://doi.org/10.3390/md20060342
http://doi.org/10.1080/10934529.2022.2048614
http://www.ncbi.nlm.nih.gov/pubmed/35262454
http://doi.org/10.1017/S0043933915002457
http://doi.org/10.1080/00439339.2020.1830012
http://doi.org/10.1186/s40104-021-00593-z


Sustainability 2022, 14, 8968 13 of 14

27. D’Archino, R.; Piazzi, L. Macroalgal assemblages as indicators of the ecological status of marine coastal systems: A review. Ecol.
Indic. 2021, 129, 107835. [CrossRef]

28. Lin, Y.-J.; Roa-Ureta, R.H.; Premlal, P.; Nazeer, Z.; Pulikkoden, A.R.K.; Qurban, M.A.; Prihartato, P.K.; Alghamdi, H.A.;
Qasem, A.M.; Rabaoui, L. Habitat-forming organisms in the offshore seabed of the western Arabian Gulf. Reg. Stud. Mar. Sci.
2022, 53, 102446. [CrossRef]

29. Habibi, N.; Uddin, S.; Bottein, M.-Y.D.; Faizuddin, M. Ciguatera in the Indian Ocean with Special Insights on the Arabian Sea and
Adjacent Gulf and Seas: A Review. Toxins 2021, 13, 525. [CrossRef]

30. Elkadiri, R.; Manche, C.; Sultan, M.; Al-Dousari, A.; Uddin, S.; Chouinard, K.; Abotalib, A.Z. Development of a Coupled
Spatiotemporal Algal Bloom Model for Coastal Areas: A Remote Sensing and Data Mining-Based Approach. IEEE J. Sel. Top.
Appl. Earth Obs. Remote Sens. 2016, 9, 5159–5171. [CrossRef]

31. Al-Kandari, M.; Oliver, G.; Chen, W.; Skryabin, V.; Raghu, M.; Yousif, A.; Al-Jazzaf, S.; Taqi, A.; AlHamad, A. Diversity and
distribution of the intertidal Mollusca of the State of Kuwait, Arabian Gulf. Reg. Stud. Mar. Sci. 2019, 33, 100905. [CrossRef]

32. Hamdi, E.; Zoðlu; Ulger, I.; Ber, M.; Ayasan, T. Effects of Spirulina (Algae) supplementation to Japanese Quail (Coturnix coturnix
Japonica) diets on growth performance and carcass traits. Indian J. Anim. Sci. 2020, 90, 923–927.

33. Al-Khalaifah, H.S.; Al-Nasser, A.; Surrayai, T. Effects From Dietary Addition of Sargassum sp., Spirulina sp., or Gracilaria sp.
Powder on Immune Status in Broiler Chickens. Front. Vet. Sci. 2022, 9, 928235. [CrossRef] [PubMed]

34. Silva, V.; Silva, L.; Andrade, J.; Veloso, M.; Santos, G. Determination of moisture content and water activity in algae and fish by
thermoanalytical techniques. Quim. Nova 2008, 31, 901–905. [CrossRef]

35. Al-Ghadban, A.; Uddin, S.; Aba, A.; Behbehani, M. Baseline Radionuclide Specific Activity in Commercial Fishes of Kuwait.
Aquat. Ecosyst. Health Manag. 2012, 15, 45–49. [CrossRef]

36. Liu, K. Characterization of ash in algae and other materials by determination of wet acid indigestible ash and microscopic
examination. Algal Res. 2017, 25, 307–321. [CrossRef]

37. Marshall, R.J. Food and nutritional analysis|Dairy Products. In Encyclopedia of Analytical Science, 2nd ed.; Worsfold, P.,
Townshend, A., Poole, C., Eds.; Elsevier: Oxford, UK, 2005; pp. 312–319. [CrossRef]

38. Chen, Z.; Wang, L.; Qiu, S.; Ge, S. Determination of Microalgal Lipid Content and Fatty Acid for Biofuel Production. BioMed Res.
Int. 2018, 2018, 1503126. [CrossRef]

39. Bartle, K.D.; Myers, P. History of gas chromatography. TrAC Trends Anal. Chem. 2002, 21, 547–557. [CrossRef]
40. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipides from animal tissues. J.

Biol. Chem. 1957, 226, 497–509. [CrossRef]
41. Burdge, G.C.; Wright, P.; Jones, A.E.; Wootton, S.A. A method for separation of phosphatidylcholine, triacylglycerol, non-esterified

fatty acids and cholesterol esters from plasma by solid-phase extraction. Br. J. Nutr. 2000, 84, 781–787. [CrossRef]
42. Seppänen-Laakso, T.; Laakso, I.; Hiltunen, R. Analysis of fatty acids by gas chromatography, and its relevance to research on

health and nutrition. Anal. Chim. Acta 2002, 465, 39–62. [CrossRef]
43. USEPA. Measuring Metal Ions Using the Inductively Couple Plasma Procedure; U.S. Environmental Protection Agency: Washington,

DC, USA, 1996.
44. Al-Khalaifah, H.; Al-Nasser, A. Dietary source of polyunsaturated fatty acids influences cell cytotoxicity in broiler chickens. Sci.

Rep. 2021, 11, 10113. [CrossRef]
45. Al-Khalaifah, H.; Al-Nasser, A. Dietary supplementation with various fat oils affect phytohemagglutinin skin test in broiler

chickens. Front. Immunol. 2020, 11, 1735. [CrossRef] [PubMed]
46. Schoeni, J.L.; Doyle, M.P. Reduction of Campylobacter jejuni colonization of chicks by cecum-colonizing bacteria producing

anti-C. jejuni metabolites. Appl. Environ. Microbiol. 1992, 58, 664–670. [CrossRef] [PubMed]
47. Li, S.; Khafipour, E.; Krause, D.O.; Kroeker, A.; Rodriguez-Lecompte, J.C.; Gozho, G.N.; Plaizier, J.C. Effects of subacute ruminal

acidosis challenges on fermentation and endotoxins in the rumen and hindgut of dairy cows. J. Dairy Sci. 2012, 95, 294–303.
[CrossRef] [PubMed]

48. Pastakia, C.M.R. The rapid impact assessment matrix (RIAM)—A new tool for environmental impact assessment. In Environmental
Impact Assessment Using the Rapid Impact Assessment Matrix (RIAM); Jensen, K., Ed.; Olsen and Olsen: Fredensborg, Denmark, 1998.

49. Pastakia, C.M.R.; Madsen, K.N. A Rapid Assessment Matrix for Use in Water Related Projects. In Proceedings of the Stockholm
Water Conference, Stockholm, Sweden, 13–18 August 1995.

50. Uddin, S. Environmental Impacts of Desalination Activities in the Arabian Gulf. Int. J. Environ. Sci. Dev. 2014, 5, 114–117. [CrossRef]
51. Rose, M.; Lewis, J.; Langford, N.; Baxter, M.; Origgi, S.; Barber, M.; MacBain, H.; Thomas, K. Arsenic in Seaweed-Forms,

Concentration and Dietary Exposure. Food Chem. Toxicol. 2007, 45, 1263–1267. [CrossRef]
52. Adamse, P.; Van der Fels-Klerx, H.J.; de Jong, J. Cadmium, lead, mercury and arsenic in animal feed and feed materials—Trend

analysis of monitoring results. Food Addit. Contam. Part A 2017, 34, 1298–1311. [CrossRef]
53. Al-Khalaifah, H.; Al-Nasser, A.; Al-Surrayai, T.; Sultan, H.; Al-Attal, D.; Al-Kandari, R.; Al-Saleem, H.; Al-Holi, A.; Dashti, F.

Effect of Ginger Powder on Production Performance, Antioxidant Status, Hematological Parameters, Digestibility, and Plasma
Cholesterol Content in Broiler Chickens. Animals 2022, 12, 901. [CrossRef]

54. Pastakia, C.M.R.; Jensen, A. The Rapid Environment Assessment Matrix (RIAM) for EIA. Environ. Impact Assess. Rev. 1998, 18,
461–482. [CrossRef]

http://doi.org/10.1016/j.ecolind.2021.107835
http://doi.org/10.1016/j.rsma.2022.102446
http://doi.org/10.3390/toxins13080525
http://doi.org/10.1109/JSTARS.2016.2555898
http://doi.org/10.1016/j.rsma.2019.100905
http://doi.org/10.3389/fvets.2022.928235
http://www.ncbi.nlm.nih.gov/pubmed/35769316
http://doi.org/10.1590/S0100-40422008000400030
http://doi.org/10.1080/14634988.2012.669695
http://doi.org/10.1016/j.algal.2017.04.014
http://doi.org/10.1016/B0-12-369397-7/00183-7
http://doi.org/10.1155/2018/1503126
http://doi.org/10.1016/S0165-9936(02)00806-3
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1017/S0007114500002154
http://doi.org/10.1016/S0003-2670(02)00397-5
http://doi.org/10.1038/s41598-021-89381-3
http://doi.org/10.3389/fimmu.2020.01735
http://www.ncbi.nlm.nih.gov/pubmed/32922388
http://doi.org/10.1128/aem.58.2.664-670.1992
http://www.ncbi.nlm.nih.gov/pubmed/1610187
http://doi.org/10.3168/jds.2011-4447
http://www.ncbi.nlm.nih.gov/pubmed/22192209
http://doi.org/10.7763/IJESD.2014.V5.461
http://doi.org/10.1016/j.fct.2007.01.007
http://doi.org/10.1080/19440049.2017.1300686
http://doi.org/10.3390/ani12070901
http://doi.org/10.1016/S0195-9255(98)00018-3


Sustainability 2022, 14, 8968 14 of 14

55. Kang, E.; Kim, K. Effects of future climate conditions on photosynthesis and biochemical component of Ulva pertusa (Chlorophyta).
Algae 2016, 31, 49–59. [CrossRef]

56. Kim, H.; Spivack, A.; Menden-Deuer, S. pH alters the swimming behaviors of the raphidophyte Heterosigma akashiwo: Implications
for bloom formation in an acidified ocean. Harmful Algae 2013, 26, 1–11. [CrossRef]

57. Kim, J.M.; Baars, O.; Morel, F.M.M. The effect of acidification on the bioavailability and electrochemical lability of zinc in seawater.
Philos. Trans. A Math. Phys. Eng. Sci. 2016, 374, 20150296. [CrossRef] [PubMed]

58. Kim, J.-M.; Lee, K.; Shin, K.; Kang, J.-H.; Lee, H.-W.; Kim, M.; Jang, P.-G.; Jang, M.-C. The effect of seawater CO2 concentration on
growth of a natural phytoplankton assemblage in a controlled mesocosm experiment. Limnol. Oceanogr. 2006, 51, 1629–1636. [CrossRef]

59. Fisher, N.S.; Burns, K.A.; Cherry, R.D.; Heyraud, M. Accumulation and cellular distribution of 241Am, 210Po and 210Pb in two
marine algae. Mar. Ecol.-Prog. Ser. 1983, 11, 233–237. [CrossRef]

60. Ivanina, A.; Hawkins, C.; Beniash, E.; Sokolova, I. Effects of environmental hypercapnia and metal (Cd and Cu) exposure on acid-base
and metal homeostasis of marine bivalves. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2015, 174–175, 1–12. [CrossRef]

61. Ivanina, A.; Hawkins, C.; Sokolova, I. Interactive effects of copper exposure and environmental hypercapnia on immune functions
of marine bivalves Crassostrea virginica and Mercenaria mercenaria. Fish Shellfish Immunol. 2016, 49, 54–65. [CrossRef]

62. Connan, O.; Germain, P.; Solier, L.; Gouret, G. Variations of 210Po and 210Pb in various marine organisms from Western English
Channel: Contribution of 210Po to the radiation dose. J. Environ. Radioact. 2007, 97, 168–188. [CrossRef]

63. Morita, T.; Fujimoto, K.; Kasai, H.; Yamada, H.; Nishiuchi, K. Temporal variations of 90Sr and 137Cs concentrations and the
137Cs/90Sr activity ratio in marine brown algae, Undaria pinnatifida and Laminaria longissima, collected in coastal areas of
Japan. J. Environ. Monit. 2010, 12, 1179. [CrossRef]

64. Buo-Olayan, A.H.; Subrahmanyam, M.N.V. Heavy Metals in Marine Algae of the Kuwaiti Coast. Bull. Environ. Contam. Toxicol.
1996, 57, 816–823. [CrossRef]

65. Choi, H.Y.; Stewart, G.M.; Lomas, M.W.; Kelly, R.P.; Moran, S.B. Linking the distribution of 210Po and 210Pb with plankton
community along Line P, Northeast Subarctic Pacific. J. Environ. Radioact. 2014, 138, 390–401. [CrossRef]

66. Kawai, H.; Kitamura, A.; Mimura, M.; Mimura, T.; Tahara, T.; Aida, D.; Sato, K.; Sasaki, H. Radioactive cesium accumulation in
seaweeds by the Fukushima 1 Nuclear Power Plant accident-two years’ monitoring at Iwaki and its vicinity. J. Plant Res. 2014,
127, 23–42. [CrossRef]

67. Baumann, Z.; Casacuberta, N.; Baumann, H.; Masque, P.; Fisher, N.S. Natural and Fukushima-derived radioactivity in macroalgae
and mussels along the Japanese shoreline. Biogeosciences 2013, 10, 3809–3815. [CrossRef]

68. Praveen Pole, R.P.; Feroz Khan, M.; Godwin Wesley, S. Occurrence of 210Po in marine macroalgae inhabiting a coastal nuclear
zone, southeast coast of India. J. Environ. Radioact. 2017, 169–170, 122–130. [CrossRef] [PubMed]

69. Desideri, D.; Meli, M.A.; Roselli, C.; Feduzi, L.; Ugolini, L. 210Polonium bioaccessibility assessment in algae for human consumption:
An in vitro gastrointestinal digestion method. J. Toxicol. Environ. Health Part A 2017, 80, 230–235. [CrossRef] [PubMed]

70. Nagai, H.; Yasumoto, T.; Hokama, Y. Aplysiatoxin and debromoaplysiatoxin as the causative agents of a red alga Gracilaria
coronopifolia poisoning in hawaii. Toxicon 1996, 34, 753–761. [CrossRef]

71. Resiere, D.; Mehdaoui, H.; Florentin, J.; Gueye, P.; Lebrun, T.; Blateau, A.; Viguier, J.; Valentino, R.; Brouste, Y.; Kallel, H.; et al.
Sargassum seaweed health menace in the Caribbean: Clinical characteristics of a population exposed to hydrogen sulfide during
the 2018 massive stranding. Clin. Toxicol. 2021, 59, 215–223. [CrossRef]

72. van Tussenbroek, B.I.; Arana, H.A.H.; Rodriguez-Martinez, R.E.; Espinoza-Avalos, J.; Canizales-Flores, H.M.; Gonzalez-Godoy, C.E.;
Barba-Santos, M.G.; Vega-Zepeda, A.; Collado-Vides, L. Severe impacts of brown tides caused by Sargassum spp. on near-shore
Caribbean seagrass communities. Mar. Pollut. Bull. 2017, 122, 272–281. [CrossRef]

73. Hamdy, A.A. Biosorption of heavy metals by marine algae. Curr. Microbiol. 2000, 41, 232–238. [CrossRef]
74. Schiewer, S.; Wong, M.H. Ionic strength effects in biosorption of metals by marine algae. Chemosphere 2000, 41, 271–282. [CrossRef]
75. Islam, M.S.; Kazi, M.A.I.; Hossain, M.M.; Ahsan, M.A.; Hossain, A.M.M.M. Propagation of Heavy Metals in Poultry Feed

Production in Bangladesh. Bangladesh J. Sci. Ind. Res. 2007, 42, 465–474. [CrossRef]
76. Adekanmi, A.T. Health Hazards of Toxic and Essential Heavy Metals from the Poultry Waste on Human and Aquatic Organisms.

In Animal Feed Science and Nutrition: Production, Health and Environment; IntechOpen: London, UK, 2021. [CrossRef]

http://doi.org/10.4490/algae.2016.31.3.9
http://doi.org/10.1016/j.hal.2013.03.004
http://doi.org/10.1098/rsta.2015.0296
http://www.ncbi.nlm.nih.gov/pubmed/29035261
http://doi.org/10.4319/lo.2006.51.4.1629
http://doi.org/10.3354/meps011233
http://doi.org/10.1016/j.cbpc.2015.05.001
http://doi.org/10.1016/j.fsi.2015.12.011
http://doi.org/10.1016/j.jenvrad.2007.04.004
http://doi.org/10.1039/b920173d
http://doi.org/10.1007/s001289900262
http://doi.org/10.1016/j.jenvrad.2014.02.009
http://doi.org/10.1007/s10265-013-0603-1
http://doi.org/10.5194/bg-10-3809-2013
http://doi.org/10.1016/j.jenvrad.2017.01.013
http://www.ncbi.nlm.nih.gov/pubmed/28110199
http://doi.org/10.1080/15287394.2017.1285733
http://www.ncbi.nlm.nih.gov/pubmed/28532321
http://doi.org/10.1016/0041-0101(96)00014-1
http://doi.org/10.1080/15563650.2020.1789162
http://doi.org/10.1016/j.marpolbul.2017.06.057
http://doi.org/10.1007/s002840010126
http://doi.org/10.1016/S0045-6535(99)00421-X
http://doi.org/10.3329/bjsir.v42i4.755
http://doi.org/10.5772/intechopen.99549

	Introduction 
	Materials and Methods 
	Results 
	Chemical Characterization of the Algal Species 
	Lipid Profile Analysis 
	Heavy Metal Concentration in Algae Samples 
	Performance of Broiler Chickens with Algal Feed Additives 
	Environmental Impact Assessment of Using Algae as Poultry Feed 

	Discussion 
	Conclusions 
	References

