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Abstract

The nutrient-rich composition of seaweeds and lichens makes them well-suited for agricul-
tural applications. Their use as alternatives to synthetic fertilizers contributes to sustainable
agricultural production, enabling farmers to adopt ecological practices while maintaining
or increasing crop productivity. This review aims to highlight the status and trends of re-
search, along with a literature analysis on the application of these biomasses in sustainable
agriculture. A bibliometric analysis was performed based on two databases (Scopus and
Web of Science) to overview the main research topics regarding the use of biomasses stud-
ied in agriculture, thus providing useful information for future research. The biochemical
composition and agricultural applications of these biomasses have been highlighted. The
analysis shows that these biomasses are rich of nutrient compounds, revealing their roles
and mechanisms of action on the chemical, nutritional properties, and soil microbial activi-
ties and their effect on plant growth, using various extraction and application methods. It
also highlighted the potential of seaweeds for protection against biotic and abiotic stresses.
In light of all the data presented in this review, it is possible to stimulate farmers’ interest in
using seaweeds and lichens as natural fertilizers, with a focus on sustainable and ecological
agriculture mainly in developing countries.

Keywords: seaweeds; lichens; nutritive elements; crop growth; sustainable agriculture

1. Introduction

The current trend in scientific research directed at agriculture is to discover new sources
of nutrients as alternatives to chemical fertilizers [1]. In order to overcome the high cost and
the environmental impact of usual fertilizers, natural products offer multiple benefits for
improving the nutritional value of plants while being environmentally sustainable. Seaweeds
and lichens are among natural sources with biofertilization potential [2—4]. Seaweeds have
gained importance as a treasure trove of nutrients, including minerals, proteins, pigments,
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growth hormones, fatty acids, polyphenols, and oligosaccharides, which were found to im-
pact plant development from seed germination [5-7] to vegetative growth [3,8-12]. The
use of seaweed as biofertilizer products has been developed and applied in various forms,
including liquid extracts, where the constituents of the seaweed are partially decomposed
or isolated, allowing for more rapid and effective absorption by plants, or in the form of
powders that promote plant growth through a gradual release of mineral nutrients [13,14],
such as the liquid extract of Sargassum ilicifolium stimulated the development of Trigonella
foenum-graecum, influencing growth parameters such as shoots and roots length, as well as the
contents of photosynthetic pigments, carbohydrates, proteins, amino acids, polyphenols, and
nitrogen [15,16]. Green seaweed species can also be applied as liquid extracts for agricultural
crops. For example, the liquid extract of Ulva lactuca was applied to the growth of Vigna radiata
plants, improving germination rate, vegetative growth, and several biochemical parameters [6].
Thus, aqueous extracts of Enteromorpha flexuosa were reported by Omar et al. [12] as a natural
fertilizer for the growth of Zea mays, including an increase in shoot and root length, dry weight
of aerial and root parts, photosynthetic pigments, carbohydrate and protein content, and nu-
trient absorption. Similarly, the application of Sargassum muticum powder has shown positive
effects on the morphological and biochemical characterization of Capsicum annuum plants, as
well as the nutritional quality of their fruits [11]. However, modern agricultural practices tend
to use extracts of bioactive compounds derived from seaweeds. For example, polysaccharide
extracts (carrageenan or agar) obtained mainly from red algae such as Calliblepharis jubata,
Chondracanthus teedei, and Gracilaria gracilis, have been used for their positive effects on plant
growth [5]. Thus, the phenolic compounds extracted from seaweeds can serve as biofertilizers,
such as the extraction of phenolic compounds from the brown seaweed Ecklonia maxima used
to improve the germination of corn plants [10]. Furthermore, seaweed extracts can be applied
directly to the soil or by foliar spray, depending on the agricultural objectives pursued. For
example, the application of liquid extracts of Ulva Lactuca and Padina gymnospora as a soil soak
has shown promising effects on the growth of Solanum lycopersicum plants [17]. However, the
foliar application appears more advantageous to defend plants against unfavorable conditions.
Foliar spraying of the liquid algae extract of Enteromoropha intestinalis can be considered an
effective means to improve salt stress tolerance in tomato varieties [18]. Thus, foliar treatment
with Ascophyllum nodosum extract on carrot plants increased their resistance to Alternaria
radicina and Botrytis cinerea fungal pathogens [19].

Lichens are an effective source of macronutrients (nitrogen (N), phosphorus (P), potas-
sium (K), calcium (Ca), and magnesium (Mg)), micronutrients (iron (Fe), copper (Cu),
manganese (Mn), and zinc (Zn)), amino acids (proline, methionine, cysteine, asparagine,
and alanine), organic acids (oxalic acid, lactic acid, tartaric acid, and malic acid), as well as
plant growth regulators (gibberellic acid, indole acetic acid, and abscisic acid) [4,20-22]. In
the same way, lichens produce substances such as norstic acid, psoromic acid, usnic acid,
and iso-usnic acid [23], which interact with minerals such as K, Cu, and Fe, forming com-
plexes that lead to the bioaccumulation of trace elements in lichens [24]. These properties
give lichens the potential to be used as natural organic fertilizers for plant growth. Species
such as Dermatocarpon miniatum and Parmelia saxatilis have been successfully demonstrated
as natural organic fertilizers [4]. This is evidenced by the improved growth of Genipa amer-
icana plants in soils covered with lichen Cladonia salzmannii Nyl compared to lichen-free
soil [25]. However, to date, there has been no direct application of lichens as an organic
nutrient to improve soil fertility.

In fact, the objective of this review is to provide a scientific overview of the application
of seaweeds and lichens in agriculture by offering a critical bibliometric and bibliographic
analysis of research on their potential as biofertilizers. It also explores their role as sustain-
able alternatives for agricultural crop improvement.
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2. Bibliometric Analysis of Research on the Use of Seaweeds and Lichens
for Agricultural Purposes: Insights from Scopus and Web of Science

2.1. Methods
2.1.1. Descriptive Sources

To gain an overview of the main research in the literature and emerging trends con-
cerning the application of seaweeds and lichens as organic fertilizer, a bibliometric analysis
was conducted using Scopus and the Web of Science (WOS) Core Collection. The keywords
used for seaweed research were “seaweed” OR “seaweeds” OR “Macroalgae” OR “marine
algae” and “organic fertilizer” OR “fertilization” OR “biofertilization” OR “biostimulant”
OR “fertilizer” OR “soil amendment” OR “inoculation” AND “plant growth” OR “plants
growth” OR “plant development” OR “crop development” OR “growth promotion”). The
search resulted in 383 documents published across 215 sources covering the period from
1968 to 2024. The keywords used in our search for lichens were “lichen” OR “lichens”
and “organic fertilizer” OR “fertilization” OR “biofertilization” OR “biostimulant” OR
“fertilizer” and “plant growth” OR “plants growth” OR “plant development” OR “crop
development” OR “growth promotion”. The search resulted in a dataset with 24 documents
derived from 19 distinct sources obtained in a period from 1989 to 2024. The search type
was set to “article” and “review”, and the search language was set to “English”.

2.1.2. Methodologies Analysis

The dataset extracted from the Scopus and WOS databases was applied to analysis
packages using R software (version 4.1.2) [26], bibliometrix [27], and VOSviewer [28] to
visualize key parameters, including frequency of publications per year, most frequent key-
words, most involved countries, and trends topic emergent in the subject of the seaweeds
and lichens applications as fertilizer organic. These parameters were expressed by several
methods, such as annual scientific production, word cloud analysis, co-occurrence network
keywords analysis, countries” scientific production, and topic trends analysis.

2.2. Results of Bibliometric Analysis on the Application of Seaweeds in Agriculture
2.2.1. Annual Evolution of the Number of Publications

The annual publication frequency of research articles on the application of seaweeds
in agriculture is shown in Figure 1. Publications on this topic began to multiply in 1998 but
were very few until 2008. From 2015 onwards, the number of articles published annually
increased slightly, reaching an average of 13 articles per year. The number of publications
peaked in 2022 with 57 articles and remained high until 2024. This confirms the continuing
and growing trend of research into the use of algae as natural biofertilizing resources.
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Figure 1. Annual scientific production on application of seaweeds as biofertilizer from 1998 to 2024.
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2.2.2. Keyword Analysis

The visualization mode used in the analysis of keywords relating to the application
of seaweed in agriculture is mainly presented in the form of a word cloud map (Figure 2),
which highlights the frequency of appearance of keywords in a set of publications extracted
from the WOS and Scopus databases. The results of this analysis reveal a high frequency
of scientific articles concerning the use of seaweed to fertilize the soil, thereby promoting
plant germination and growth as well as the development of their mechanisms due to
their richness in nutrients and phytohormones. In addition, the little words in the cloud
suggest potential avenues of research to improve the sustainability of seaweed application
in agricultural crops. In this context, our findings strongly suggest the need to develop
different modes of seaweed application, such as in the form of extracts or compost. Similarly,
it is crucial to further explore the positive role of algae on the soil microbial community,
stimulating its activity and contributing to the assimilation of nutrients by plants.
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Figure 2. Word cloud analysis—the most frequent keywords highlight the role of seaweed in agriculture.

2.2.3. Three Fields Plot Analysis

Analysis of the “Three Fields Plot” map (Figure 3) highlights the relationships between
the most frequently cited keywords, the authors, and the countries most involved in the
evolution of the impact of seaweed as a valuable source of agricultural nutrients, offering
an alternative and ecological solution. In line with the word cloud map analysis, the most
frequently cited keywords were “seaweed”, “fertilizer”, and “plant growth”. However, the
analysis also revealed that the impact of seaweed on soil properties is being studied, albeit
to a lesser extent. The most cited authors in this field are Liu Z., Van S.J., Michalak I., and
Rouphael Y. These researchers appear to be conducting in-depth research into the subject
under analysis. The countries most involved in algae biofertilization are Italy, Portugal,
India, and China. They represent key research centers for this ecological approach.
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Figure 3. Three Fields Plot map analysis—network analysis of highly cited keywords, authors, and
country in application for seaweeds for agriculture application. The darkness of the color bars shows
the frequency of occurrence of each keyword, author, or country, while the height of the bars reflects
the relative importance or strength of the relationship between entities.
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2.3. Results of Bibliometric Analysis on the Application of Lichens in Agriculture
2.3.1. Annual Scientific Publication

The number of publications may reflect the evolution of lichen valorization processes
for agricultural crop improvement. As shown in Figure 4, the total number of articles
published in this field has shown little irregular growth, with an annual growth rate
of 4.04%. The first publication was in 1989, and from then until 2008, the number of
papers published annually irregularly did not exceed one paper, corresponding to a long
embryonic period. The attention of scientific researchers to lichen as an organic fertilizer
began to fluctuate between 2011 and 2024; however, the annual publication frequency
remains very low, not exceeding 4 papers per year. This could encourage a number of
scientific research projects to take greater advantage of this new ecological approach.

Annual Scientific Production

Year

1989

1991

1993

1995
1997
1999
2001
2003
2005
2007
2009
2011
2013
2015
2017
2019
2021
2023

Figure 4. Annual scientific production on application of lichen as organic biofertilizer from 1989
to 2024.

2.3.2. Keyword Analysis

The frequency of keywords appearing in the literature on the application of lichen as
an organic fertilizer is expressed by the keyword co-occurrence network diagram drawn
using VOSviewer software (version 1.6.20) (Figure 5). The area of the circular keyword
zone in the graph represents the frequency of occurrences of the keyword; the larger it is,
the more often the keyword in question appears. The different colors of the circles represent
the different themes used in the search area. The relationship between co-occurrences is
expressed by the lines connecting the circles, shedding light on the directions of scientific
research evaluating lichen species as organic fertilizers.

The co-occurrence network analysis was carried out on 16 keywords with a high
frequency of occurrence (more than 2 times) among the 460 keywords. The most frequent
keywords were plant growth, nitrogen, lichen (organism), ecosystem, lichens, plant com-
munity, etc. Among these, those that have appeared significantly in the literature in recent
years are plant growth, photosynthesis, moss, lichen (organism), biodiversity, and species
richness. The results of this analysis reveal the high frequency of scientific articles high-
lighting the importance of the application of lichen as an agricultural fertilizer due to its
role in plant growth by releasing essential nutrients, such as nitrogen, and thus promoting
photosynthesis. In addition, Figure 5 suggests potential avenues of research to enhance the
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role of lichen in plant communities, particularly bryophytes, and tracheophytes, thereby
influencing ecosystem structure and diversity.

nitrogen

photosynthesis plantgrowth climatgfphange lichens

ecosystem

lichen
i ani mss ,
lichen (@fganism) plant community
environmental impact

bryophyta
biodiversity
controlled study tracheophyta
speciesifichness
S%VOSviewer _ f I f i-
1990 2000 2010 2020

Figure 5. Co-occurrence network diagram of high-frequency keywords cooperation in the research
fields of lichen-based organic fertilizer.

2.3.3. Most Countries Production

The most productive countries in terms of scientific papers on the subject of lichens in
agriculture are shown in the heat map in Figure 6. China is the world’s most productive
country in this field, having focused its research on the application of lichen as a fertilizing
amendment, with a total of 7 scientific publications, followed by Brazil and Sweden. Other
countries do not produce more than 3 papers. In 2024, China, Brazil, Sweden, and the
United States were more involved in researching and using lichen in agriculture as part of
the development of organic and sustainable agriculture.

Country Scientific Production

Turkey
(1) Pakist:
2
- India s
@)
Malawi

(1)

Argentina

(1)

sisuowerain

Figure 6. Map showing the 16 most prolific countries in terms of publications on the application
of lichens to agricultural crops between 1989 and 2024 (number of publications). Countries less
frequently involved in this field are shown in gray.

2.3.4. Trend Topics Analysis

The trend analysis highlighted the frequency and distribution of keywords over
time on the theme of lichen biomass application in agriculture (Figure 7). The most
frequent keyword is “nitrogen”, appearing from 2008 to 2018, indicating a high frequency
of studies on the nitrogen richness of lichens. The word “fertilization” appeared frequently
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between 2018 and 2024, during which time researchers studied the effect of lichens on soil
fertilization and plant growth.

Trend Topics

Term frequency
.
® s
®:
@®

Term

plant - .

climate change - ® &
&

plant community -

2006
2008
2010
2012
2014
2016
2018
2020
2022
2024

Year

Figure 7. Trend Topics analysis—frequency and distribution of keywords over time in the research
on using lichens in agriculture application.

2.4. Future Orientations Related to the Bibliometric Approach

The bibliometric analysis used in this study, which focused on biofertilization using
seaweeds, revealed an average annual growth rate of 13.75% in scientific output. This per-
centage highlights the need for further research in order to fill gaps that were not revealed
by the used visualization parameters, such as the application of different species of seaweed
harvested in different geographical areas, in order to globalize this agricultural approach.
Another gap concerns the need for further research into biofertilization mechanisms on
different soil types and through different agricultural applications in order to maximize the
benefits of seaweed components in the context of sustainable agriculture. Similarly, further
research is needed to develop relevant solutions for the management of self-sustained
seaweed cultivation in order to minimize the negative impact on ecosystem sources.

The limited number of publications on the application of lichens in agriculture (24 doc-
uments) restricts analytical power and the ability to identify emerging trends in this
ecological practice. In this regard, the present bibliometric analysis could, in the future,
stimulate researchers’ interest in developing the use of lichens in agriculture, focusing on
three main topics for further study: (1) their effect on the physical, chemical, and biological
characteristics of soil; (2) their impact on the growth of different types of agricultural crops;
and (3) their role in protecting against biotic and abiotic stresses. These areas should remain
the focal point of future research, as they reflect a wide range of agricultural interests aimed
at maximizing organic biomass diversity to sustainable and ecological agriculture and
reducing dependence on chemical fertilizers, thereby contributing to the preservation of
environmental health.

3. Bibliographical Analysis of the Application of Seaweeds as a Natural
Fertilizer to Enhance the Crop Production

3.1. African Seaweed: A Resource for Sustainable Agriculture

The African continent, with its varied climatic zones and coastal areas, presents a great
diversity of seaweed species. More than 2200 species of seaweed have been recorded in
Africa, including over 1400 species of red algae, some 400 species of green algae, and almost
400 species of brown algae [29,30]. Species such as Eucheuma spp. and Kappaphycus spp.
in Tanzania account for 92% of algal production and 4.7% in Madagascar [31,32]. Indeed,
Tanzania began exploiting the economic potential of algae in 1989, starting commercial
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cultivation using Eucheuma strains as biofertilizers [32]. Similarly, Africa is the world’s
third-largest producer of red algae, with annual production of around 120,000 tons of fresh
material [33].

Morocco, with its Atlantic and Mediterranean coasts, as well as the unique hydro-
climatic and salinity conditions of its marine currents, offers a wealth of considerable
taxonomic richness, which supports the development of marine algae [34]. The city of
El Jadida is the richest region in terms of algae diversity. Studies carried out by Baham-
mou et al. [35,36] highlighted this richness by constructing a checklist of the different types
of algae. The study identified 33 species of green algae, dominated by Cladophoraceae
and Ulvaceae, as well as 29 brown algae, the majority of which belong to the Sargassaceae,
followed by the Chordariaceae. In addition, 156 species of red algae have been recorded,
with the majority belonging to the order Ceramiales, followed by Gigartinales, Gelidiales,
and Corallinales. In addition, the Essaouira coastline is considered a significant source of
algae collection, listing 39 genera of brown algae and 104 genera of red algae [37,38]. An-
other region in Morocco with a great diversity of seaweed species is Al-Hoceima National
Park, as noted by Moussa et al. [39]. Several other Moroccan regions also boast a diversity
of macroalgae, including Saidia, Melilla, Tamernoute, and M’diq in the Mediterranean
Sea [40,41].

3.2. Chemical Composition of Algae

Seaweeds are rich in biocompounds. They can be used as sources of oligosaccharides,
mineral elements, polyphenols, phytohormones, vitamins, chlorophyll, phycobiliproteins,
fucoxanthin, phenol, flavonoids, sterols, and terpenes. These biocompounds play a poten-
tial role in agricultural crop improvement [42—44].

3.2.1. Oligosaccharides

Seaweeds are an important source of complex polysaccharides, which differ from
one species to another. Their acid or enzymatic hydrolysis yields oligosaccharides [45],
such as alginate oligosaccharides derived from alginate, a polysaccharide found mainly
in brown algae, extracted in particular from Laminaria japonica [46] and Sargassum polycys-
tum [47]. Fuco-oligosaccharides are derived from the hydrolysis of fucoidan extracted from
several species of brown algae, including Saccharina japonica [48], Sargassum horneri [49],
Ascophyllum nodosum [50], and Sargassum siliquosum [51]. Laminaran oligosaccharides are
derived from the polysaccharide laminarin, predominantly found in brown algae, mainly
Laminaria digitata, Sargassum polycystum, Turbinaria ornate, and Padina boryana [52,53]. Green
algae, particularly species of the Ulva genus, produce the ulvan polysaccharide, which
hydrolyzes to form ulvan-oligosaccharides [54,55]. Agar-oligosaccharides and carrageenan-
oligosaccharides are obtained by enzymatic or chemical hydrolysis of agar and carrageenan
polysaccharides from the red algae [56], such as the utilization of Gracilaria fisheri [57],
Gracilaria verrucosa, Gelidium latifolium [58], and Gelidium sesquipedale [59] for agar extraction.
Carrageenan is mainly extracted from Hypnea bryoides [60].

The research on oligosaccharides derived from seaweed began in 1995 and has been
progressing rapidly since 2005 [61]. They are studied for their potential effects on plant
growth due to their ability to improve nitrogen assimilation and stimulate basal plant
metabolism [62-65]. For example, the alginate oligosaccharides can stimulate the growth
of Hordeum vulgare seedlings and roots, as well as the rate of photosynthesis. In addition,
this oligosaccharide induces the expression of development-related genes, notably those
encoding an auxin response factor and a protein kinase [64]. Laminaran oligosaccharide is
mentioned by Krishna et al. [65] for its agricultural applications, promoting plant growth.
Foliar spraying with oligocarrageenan extracted from the red alga Kappaphycus alvarezii
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increased ear height, diameter, fresh and dry weight, and yield in Zea mays [66]. Improved
seedling emergence was also stimulated by the application of ulvan oligosaccharide to
Phaseolus vulgaris plants [67]. In addition, the oligosaccharides delivered from seaweeds
can protect plants against abiotic stress, such as the application of oligo-alginate to defend
against salt stress affecting Eucomis autumnalis plants, improving their physiological ac-
tivity [68]. Thus, to protect against biotic stress, such as a reduction in infection caused
by the pathogen Botrytis cinera and Aspergillus flavus affecting plants, using laminarin
oligosaccharides [69]. Reduction in Fusarium infection caused by Fusarium oxysporum in
Phaseolus vulgaris plants due to the increase in their phenolic compounds induced by ulvan
oligosaccharide treatment [67].

3.2.2. Major Mineral and Trace Elements

Opverall, seaweeds presented high levels of nitrogen, phosphorus, potassium, calcium,
magnesium, manganese, zinc, and copper [70,71]. Their content varies considerably be-
tween algae species (Table 1). In fact, several species, such as Fucus vesiculosus, Laminaria
digitata, Undaria pinnatifida, Chondrus crispus, and Porphyra tenera are reported to be rich in
essential minerals and trace elements, notably sodium, potassium, calcium, magnesium,
iron, zinc, manganese, and copper as reported by Rupérez [71]. Indeed, the application of
seaweed-based biofertilizers improves soil nutrient levels in nitrogen, phosphorus, potas-
sium, and other minerals necessary for plant growth, as confirmed by Nabti et al. [3],
revealing that the application of liquid biofertilizers from seaweed can reduce the applica-
tion rates of chemical fertilizers (nitrogen, phosphorus, and potassium). Crouch et al. [13]
have exploited a biofertilizing product, “Kelpak”, based on Ecklonia maxima seaweed extract,
to supply Ca, K, and Mg nutrients to lettuce plants. Similarly, the richness of macroalgae
in mineral elements is able to act as an enzyme activator, as in the case of molybdenum,
which acts on the antioxidant activity of stressed plants [72].

Table 1. Content of macro and microelements in different seaweed species (mg-100 g~ DW).

Species N P K Na Ca Mg Fe Zn Mn Cu Ref.
Ulva Lactuca 2900 93 209.0 3516  180.6 - 344 1780 4.8 1.8 [44,73,74]
Codiurm - - 429 1179 550 - 10,017 - - - [75]

tomentosum
Enteromorpha - 155.2 865 2212 277 - 10,189 - - - [75]
intestinalis
Fucus
. 2530 1935 4322 5469 938 994 42 37 55 <0.5 [71,76]
vesiculosus
Laminaria 900 - 115 3818 1005 659 32 17 <05 <05 [71,76]
digitata
Undaria - 1070 8699 7064 931 118 75 17 32 <0.5 [77]
pinnatifida
Sargassurm . 120 4170 3250 66.9 . 147 9.0 58 03 [43]
naozhouense
Sargassum 4890 - 1370 740 960 1510 160 4.0 47 - [76,78,79]
muticum
Chondrus - - 3184 4270 420 732 39 7.1 13 <0.5 [71]
crispus
Porphyra tenera - - 3500 3627 390 565 10.3 2.7 2.7 <0.5 [71]

Gracilaria edulis 1500 - 282.5 423.3 223.3 - 65.2 1.7 3.9 1.7 [74,80]
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3.2.3. Phytohormones

Seaweeds produce several phytohormones, including auxins, cytokinin, gibberellins,
abscisic acid, and ethylene, whose concentrations vary according to algal species, season,
and harvesting location (Table 2). As revealed by the two studies conducted by Saeb-
mehr et al. [81,82] on Sargassum muticum and Gracilaria corticata seaweeds harvested from
Bushehr (north of the Persian Gulf). They showed significant seasonal variations in their
abundance of phytohormones. Abscisic acid yields were very low for several months, but
in November, they intensified to 20.667% for Sargassum muticum and 66.20% for Gracilaria
corticata. A maximum auxin concentration was noted for Sargassum muticum in May, while
Gracilaria corticata reached its maximum concentration in January. Gibberelline levels in-
creased by 58.561% in Sargassum muticum in July and 84.467% in Gracilaria corticata in May.
This fraction of the phytohormonal composition of algae gives them the potential to be used
for promoting plant growth in agricultural crops by stimulating the evolution of several
processes, such as seed germination, cell division, plant differentiation and elongation,
and the formation of root architecture [8,83], as well as improving crop metabolic activity
and stimulating nutrient mobilization [84,85]. They also enhance the resistance capacity of
many crops to biotic and abiotic stresses, such as the development of specific mechanisms
for salinity tolerance and drought and cold resistance [86-88]. In addition, they may have
antioxidant activities against several bacterial and fungal pathogens [89].

Table 2. Content of phytohormones in different seaweed species.

Species Cytokini_n Gibbergllin Ind.ole 3-AcStic Abscisic_Acid Ref
(mg-100 g~ 1) (mg-g—1) Acid (mg-g—1) (mg-g~1)
Halimeda opuntiam 2264.1 0.6561 0.6561 0.1133 [12]
Ulva lactuca - 1.51x 107° 493 x 107° 1.78 x 10> [83]
Cladophora glomerata - - 0.02391 - [90]
Cerscln : : : 128x107 ]
Cladostephus sinuosa - - 5.36 x 107° - [91]
Cladostephus barbata - 3.57 x 107 - - [91]
Turbinaria triquetra 2675.4 0.7705 0.01391 0.073 [12]
Padina Durvillaei - 3.7 x 1077 39 x 107° 1.5 x 107 [83]
Gracilaria corticate 2400.4 24.004 0.1481 0.1986 [12]

3.3. Extraction of Seaweed Compounds for Agricultural Applications
3.3.1. Aqueous Extract

Various methods for extracting bioactive compounds from macroalgae have been
studied as biofertilizers. Among the most widely used methods is aqueous extraction,
which is widely used to obtain liquid extracts rich in soluble nutrients and can be performed
using a number of techniques [6,12,15,92]. Boiling extraction is widely utilized, where algae
biomass is boiled in distilled water. This method has produced positive results in terms of
improved plant growth. For example, the application of the aqueous extract of Ulva lactuca,
obtained by boiling, gives results comparable to those of Hoagland’s nutrient medium. It
improves plant growth and fresh biomass, as well as carbohydrate, protein, free amino
acid, polyphenol, and nitrogen content in different plants Corinderum sativum, Trigonella
foenum graecum, and Spinacia oleracea [16]. Likewise, a better seed vigor index and seed
endurance index were shown in Corinderum sativum treated with boiling liquid extracts
of Ulva Lactuca at concentrations of 6 and 8% [15]. Similarly, extraction by soaking, which
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consists of infusing seaweed in distilled water for a prolonged period (generally between
24 h and 2 days), has been shown to improve plant growth, with notable effects on mineral
nutrition and biochemical parameters [6]. A study carried out by Godlewska et al. [92],
comparing boiling and soaking extraction, suggests that both seaweed extraction methods
have biofertilizing potential, promoting plant growth and improving mineral nutrition.
The results of this study show that both methods offer extraction rich in micro- and macro-
elements, having a positive effect on Lepidium sativum plant growth, increasing the length of
plants treated with 10% boiled extract, and improving nutrient content in the group treated
with 10% soaking extract. In addition, in terms of antimicrobial properties, the extract
obtained by boiling showed inhibitory activity against Escherichia coli, while the extract
obtained by soaking showed no inhibitory effect against Escherichia coli and Staphylococcus
aureus. Similarly, the application of seaweed extracts such as Polysiphonia lanosa revealed
an antibacterial effect against plant pathogens like Xanthomonas fragariae and Xanthomonas
arboricola [93]. In addition, the liquid extract can provide protection against oxidative stress,
such as improved tolerance to drought stress in Triticum aestivum treated with Sargassum
latifolium and Ulva Lactuca liquid extracts [94].

3.3.2. Organic Extracts

Marine algae produce a wide range of active metabolites, including alkaloids, cyclic
kernels, polysaccharides, diterpenoids, sterols, quinones, lipids, and glycerol. Their extracts
have potential as biofertilizing and protective agents in plants.

(a) Polysaccharide Extraction

Polysaccharide yields vary among seaweed species, as shown by He et al. [95], who
evaluated their proportions in different types of seaweed. They found variable yields in
green algae such as Ulva lactuca and Ulva intestinalis, brown algae like Durvillaea antarctica,
and red algae including Gracilaria lemaneiformis and Sarcodia ceylonensis, with respective
polysaccharide levels of 11.09% =+ 0.87, 29.15% =+ 0.19, 14.21% =+ 1.03, 13.32% =+ 0.93, and
12.49% =+ 0.79. In addition, Furcellaria lumbricalis and Polysiphonia lanosa show high levels
of polysaccharides, namely 19.71 and 49.20%, respectively, as reported by Jiao et al. [96].
On the other hand, the species Fucus virsoides and Cystoseira barbata showed polysaccharide
contents of 15.07 and 7.80%, respectively [97]. This polysaccharide fraction can be used
in agriculture as a strong and environmentally friendly biostimulant to improve plant
growth and yield by boosting their antioxidant activities and their content of bioactive
compounds. For example, the application of a Halimeda dilatata polysaccharide extract
obtained by organic solvent acetone and chloroform to mung bean plants has improved
many agronomic factors such as shoot and root elongation, leaf area, fresh and dry weight,
total chlorophyll, carbohydrate, and protein content, as well as flower number, pod length
and weight, and seed yield [9]. In addition, Mzibra et al. [98] show that polysaccharide
extracts from algal species of different types, green algae (Ulva rigida and Codium decortica-
tum), red algae (Gigartina sp. and Chondracanthus acicularis), and brown algae (Fucus spiralis
and Bifurcaria bifurcata) obtained by aqueous extraction followed by ethanol precipitation,
have positive effects on seed germination, biomass, and chlorophyll content of the Solanum
lycopersicum plant. The treatment of Zea mays plants with a soluble polysaccharide extract
from Ulva fasciata at a concentration of 5 mg/mL increased carbohydrate, protein, phenol,
ascorbic acid, peroxidase, and catalase contents [99]. Red algae are widely used to extract
polysaccharides that promote plant development. For example, the carrageenan extract of
Calliblepharis jubata and Chondracanthus teedei, obtained by alkaline extraction, and the agar
extract of Gracilaria gracilis, obtained by aqueous extraction under pressure, have shown a
beneficial effect on the germination and growth of Brassica oleracea plant [5]. In addition,
the polysaccharide extracts from seaweeds have the ability to act as an elicitor of defense
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responses in plants, such as the application of Ulva fasciata polysaccharide extract to reduce
the severity of anthracnose in Phaseolus vulgaris L. [100], as well as the control of Verticillium
wilt of olive caused by Verticillium dahliae [101].

(b) Polyphenol Extraction

Concerning phenolic compounds, their optimal extraction begins as soon as the al-
gae are harvested, and they must be frozen in liquid nitrogen to limit any loss of these
compounds. The seaweed must then be carefully dried to avoid the loss of phenolic com-
pounds [102]. Several extraction methods using solvents for the extraction of phenolic
compounds have been employed, such as maceration, Soxhlet extraction, and microwave-
assisted extraction [103]. A study carried out by Aremu et al. [10] extracted the phenolic
compounds (eckol and phloroglucinol) from brown algal Ecklonia maxima by solvent—
solvent extraction with various polarity (methanol, hexane, dichloromethane, and ethyl
acetate). Phenolic compounds were identified and isolated using spectroscopic techniques.
The phenolic extracts obtained were applied to the soil to enhance the growth of Eucomis
autumnalis. After 4 months of growth, the eckol extracts improved bulb size and root
production, while the phloroglucinol extract significantly increased bulb number. In ad-
dition, these compounds induced increased levels of bioactive phytochemicals, such as
hydroxybenzoic acid, ferulic acid, and indole-3-acetic acid. Indeed, the aqueous extracts
of different algae species contain high levels of phenolic compounds, including phenolic
acids, lignins, flavonoids, tocopherols, and tannins [104]. For example, a total polyphenol
content of 34.26 mg of gallic acid per gram of extract (mg GAE/g) was measured in Padina
durvillaei and 27.29 mg GAE/g in Ulva lactuca [83]. This component plays an important role
in plant growth and antibacterial activity [83,92].

(¢) Phytohormones Extraction

The phytohormones are key components in the regulation of plant metabolism, and
their extraction from seaweed has been the subject of various studies [11,104,105]. For
example, Sanderson et al. [105] described the extraction and identification of auxins from
Ascophyllum nodosum powder using a liquid-liquid extraction method. Similarly, the
extraction of indole-3-butyric acid from Sargassum muticum was carried out using methanol,
followed by a liquid-liquid extraction with ethyl acetate, used to assess the effects of this
seaweed on the growth of Capsicum annuum plant [11]. Indeed, this fraction can bring
benefits to agriculture. For example, seaweed extract prepared by alkaline hydrolysis of
Durvillea potatorum seaweed is commercialized as a liquid organic fertilizer in Australia
under the trade name Seasol (Seasol International). This liquid organic fertilizer contains
glucosides and cytokinins [106]. Similarly, the liquid extract of Padina durvillaei and Ulva
lactuca is rich in gibberellin, abscisic acid, indoleacetic acid, cytokinins, jasmonic acid, and
salicylic acid. Together, these phytohormones help regulate plant cell metabolism and
stimulate plant production and growth [2,83]. However, the direct application of phenolic
and phytohormones extracted from seaweeds on plant development and protection is still
poorly documented.

3.4. Agriculture Application
3.4.1. Effect of Seaweed on Soil Properties

e  Chemical properties and availability of nutrients

The application of seaweed as a soil amendment or liquid biofertilizer can improve
soil properties, including pH and nutrient availability. Sulakhudin et al. [107] revealed
that the application of the Eucheuma cottonii seaweed resulted in a high cation exchange
capacity at the soil level. This is coherent with the results of Ammar et al. [108] who showed
that the addition of Sargassum sp. and Gracilaria verrucosa induces significant chemical
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changes in the soil by increasing its organic matter, rebalancing the pH, and decreasing
the C/N ratio in sandy and clayey soils. These changes are considered vital signs of soil
fertility. Seaweed application can lead to variations in soil pH over time. However, a
study conducted by Kumari et al. [109] showed that the application of seaweed granules
or powder can adjust soil pH to a range favorable to microorganisms, typically between
6.0 and 7.3. In this pH range, soil microorganisms are particularly active, promoting the
breakdown of organic matter and the conversion of nutrients into bioavailable forms, which
enhances the assimilation of nutrients released by the algae. Consequently, maintaining
a soil pH close to this range is crucial to maximize the positive impact of algae on plant
growth and soil fertility. This was confirmed by Arthur et al. [110], who demonstrated
that a liquid extract of Ecklonia maxima promoted rooting in beans and mung plants at
a pH of 6.5. Similarly, a study using Sargassum spp. as a biofertilizer for tomato plants
grown in the Bahamas, where soils are alkaline with a pH between 7.5 and 8.5, showed that
plant growth parameters were negatively affected in the alkaline pH range. Consequently,
pH adjustment following algae application is an excellent indicator demonstrating the
biofertilizing effect of algae in terms of soil nutrient bioavailability. At pH levels between 6
and 7, nutrient availability is optimal [111]. In contrast, soils with pH levels above 7.5 lead
to nutrient deficits [112].

e  Microbial Activity
(a) Bacteria

The application of seaweed as a biofertilizer has a significant impact on the biological
properties of the soils, namely by promoting the growth and diversity of the bacterial com-
munity beneficial to plant growth [2]. As reported by Hussain et al. [113], the application
of seaweed extracts from the brown algae Durvillaea potatorum and Ascophyllum nodosum to
soil cultivated with tomato resulted in an increase in the total number of bacteria, improved
nitrogen availability, and a significant enhancement in the diversity of bacterial communi-
ties beneficial to plant growth. Chen et al. [114] showed that the application of fermented
Ascophyllum nodosum biofertilizer has significant effects on rhizosphere soil. It leads to
the intensification of microbial activity reflected by the increase in several soil enzymes,
such as dehydrogenase, nitrite reductase, urease, and cellulase. The improvement of soil
biological fertility results in optimal growth of maize seedlings. In line with the findings
of Wang et al. [115], the application of a fermented biofertilizer based on the brown alga
Sargassum horneri resulted in significant changes in the soil microbial community, including
an increase in bacterial x-diversity. These variations were correlated with the activity of
enzymes such as invertase, dehydrogenase, protease, polyphenol oxidase, and urease. In
fact, a synergistic relationship is produced between microbial diversity and enzyme activity,
as a more diverse and active bacterial community stimulates enzyme production, which
in turn promotes the decomposition of organic matter and the availability of nutrients
for plants, highlighting the potential of this biofertilizer as a sustainable substitute for
chemical fertilizers, improving the productivity of tomato crops. A study conducted by
Zhou et al. [116] also showed that the application of seaweed on soils can enhance the
activity of key soil enzymes such as dehydrogenase, nitrite reductase, and urease, which
potentially promote plant growth. Qiqin et al. [117] identified the dominant bacteria in
soil grown with Abelmoschus moschatus treated with seaweed biofertilizer. They found a
potential abundance of Acidobacteria and Cyanobacteria at the phylum level and Methy-
lobacterium and Micromonospora at the genus level, which are involved in the degradation of
soil organic matter. This suggests that the long-term application of seaweed fertilizers is
one of the most effective ways of developing sustainable green agriculture.

(b) Fungi
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Several studies show that the application of algae to agricultural soil can stimulate
fungi dominance involved in rhizosphere improvement and plant nutrition. For example,
a study by Espinosa-Antén et al. [118] shows that the application of Ulva ohnoi seaweed
extract or powder to soil promotes the development of fungi due to its high cellulose content
in the lignocellulosic fraction, which is a beneficial nutrient source for fungi proliferation.
While Wang et al. [119] showed that the number of bacteria and fungi in soil fertilized with
Lessonia nigrescens and Lessonia flavicans algae was 172% for bacteria and 67% for fungi,
higher than in soil not fertilized with algae. These results suggest that the predominance of
fungi or bacteria depends on the algal species used as soil improvers.

3.4.2. Effect of Seaweed on Plant Growth

Since ancient times, seaweed has been valued for its potential applications in
agriculture, with optimal concentrations and application rates depending on the plant
species. [2,3,13]. Initially, they were used as a powdered organic amendment, applied
directly to the soil. In this form, they promote the gradual release of mineral nutrients
to plants and improve soil structure and moisture retention. Recently, due to scientific
advances, liquid forms have also been used for seed soaking, foliar spraying, or soil irriga-
tion [13]. A study conducted by Espinosa-Antén et al. [118] showed that the application of
Ulva ohnoi seaweed powder to the soil cultivated by tomato plants improved their growth
morpho physiology and increased mineral availability and chlorophyll content [119]. The
seaweed extract treatment showed a positive effect on the root, mineral content, and
soil microbes. In many fields, it is advisable to combine different modes of application,
such as soaking seeds, followed by foliar spraying of the extract at the vegetative growth
stage [120], or combining the foliar spray and root dripped [16]. These different methods
have shown a positive impact on seed germination [5,6,121-123] and plant growth and
development [5,6,124-129] (Table 3).

e Brown algae

Several species of brown algae, including the genus Sargassum, have been successfully
exploited as biofertilizers for different crops demonstrated by numerous studies (Table 3). For
example, the application of Sargassum muticum powder to the growth of Capsicum annuum [11].
The soaking of Triticum aestivum seeds in the 20% liquid extract of Sargassum vulgare improved
germination and morphological growth, as well as the chlorophyll content of the crop [128].
Similarly, the liquid extract of Sargassum ilicifolium applied as a foliar spray and as irrigation
has shown high levels of carbohydrates, proteins, free amino acids, polyphenols, and nitrogen,
thus improving the growth of Trigonella foenum-graecum (fenugreek), as reported by Pise and
Sabale [16]. Furthermore, the foliar application of Sargussum wightti extract in combination
with the recommended rate of chemical fertilizer was proposed by Jayasinghe et al. [129] to
improve the growth, yield, and quality of Capsicum annum plants. The study conducted by
Patel et al. [15] has also shown beneficial effects on the germination and growth of various
seeds such as Trigonella foenum-graecum, Coriandrum sativum, and Spinacia oleracea, as well as
on Solanum melongena, Solanum lycopersicum, and Capsicum annuum by their soaking in the
seaweed extract of species Sargassum johnstonii, due to its richness in micronutrients and plant
growth hormones. This positive effect is expressed in various growth parameters, such as seed
germination rate, shoot height, root length, seedling length, and seed vigor index. A similar
effect was observed with Padina pavonica [130], Padina gymnospora, and Padina boergesenii [131].
Another brown algal species considered a potential biofertilizer is Ascophyllum nodosum, which
is characterized by a mixture of phytohormones (cytokinins, auxins, ...). When applied as
a foliar spray;, it has shown a significant effect on the morphological and biochemical of the
Allium cepa L. plant [132] and in various other cultivars such as Phulkara, Nasarpuri, Lambada,
and Red Bone [133]. Similarly, the application of Fucus spiralis extracts as foliar spray promotes
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the vegetative growth of bean plants [134] by activating the enzyme nitrate reductase, essential
for plant nitrogen nutrition.

e  Green algae

Concerning green algae, mainly Ulva species, have an important potential for biofertil-
ization and biostimulation of different agricultural crops, such as soaking Glycine max L.
seeds in Ulva lactuca liquid extract has been shown to improve germination, as reported
by Ramarajan et al. [121]. Similarly, Vigna radiata L. seeds showed improved germination
following the same treatment, as demonstrated by Castellanos et al. [135]. The beneficial
effect of green algae on agriculture application was also observed in the study conducted by
Karthik et al. [136] when they soaked the seeds of Phaseolus vulgaris, Raphanus sativus, and
Vigna radiata in the liquid extract of Ulva reticulata, followed by foliar treatment. Similarly,
Omar et al. [12] applied Enteromorpha flexuosa in the form of seed soaking and incorporating
seaweed powder into the soil. This approach demonstrated the effectiveness of this green
alga, rich in nitrogen, phosphorus, potassium, and phytohormones, in stimulating the
development of Zea mays L. and Helianthus annuus L. plants by increasing shoot and root
length, photosynthetic pigments, carbohydrates, proteins, and nutrient contents. Similarly,
soaking the seeds in Codium decorticatum extract enables maximum seed germination due
to its richness in various compounds such as proteins, carbohydrates, nitrogen, potassium,
sodium, manganese, calcium, and growth regulators [137]. The same findings were found
by El-Din [128], applying Codium tomentosum extract for the growth of Triticum aestivum L.
seeds presoaked in the extract. However, Hernandez-Herrera et al., [138] applied the
polysaccharide extract of Ulva lactuca in vitro to promote germination and stimulated the
growth of Solanum lycopersicum L., Phaseolus vulgaris L., and Vigna radiata L. plants.

e Red algae

Interesting studies have been carried out on the use of red algae products as biofer-
tilizers. Pise and Sabale [16] reported that soaking Trigonella foenum-graecum seeds in a
liquid extract of the alga Gracilaria corticata, followed by foliar spraying and localized root
irrigation with the seaweed extract, promoted shoot growth and increased fresh biomass, as
well as the contents of carbohydrates, proteins, free amino acids, polyphenols, and nitrogen.
Similarly, Satish et al. [131] demonstrated that treatment with the red alga Gracilaria salicornia
could be an alternative to phytohormones, revealing by different modes of application, the
incorporation of extract in the in vitro culture medium for the propagation of shoots of the
Solanum melongena L. plant, as well as the use in the rooting medium to promote root growth.
Similarly, polysaccharide extracts from red algae play a crucial role as effective growth
promoters for agricultural crops. Carrageenan extracted from Calliblepharis jubata and agar
from Gracilaria gracilis have shown beneficial effects on Brassica oleracea plant growth [5].

Table 3. Effect of seaweed on various agricultural crops.

Method of

Seaweeds Crops Application Effects Ref.
The 20% of liquid extracts induced
Sargassim - Anincrease in germination percentage, shoot
e . o th ,
wightii Vlg na Soaking the seeds length, and root length. Fresh and dry weight; [139]
Caulerpa sinensis for24 h 2 . .
o - Anincrease in chlorophyll, carotenoids, and
chemnitzia .
protein content.
An 8% aqueous extract enhances the germination
Padina Capsicum  Soaking the seeds  process of Capsicum annuum, achieving a germination [122]
gymmnospora annum for24 h percentage of 70% after 15 days, which is significantly

higher than the control group (25%).




Phycology 2025, 5, 29

16 of 32
Table 3. Cont.
Seaweeds Crops Al:; ;tlll}:::i(())i Effects Ref.
The application of 10 g dry weight of Ulva fasciata per
500 g of soil resulted in the greatest
- Increase in root dry weight and shoot fresh weight;
- Improvement in inorganic nutrient content (N, P, K,
Ca, Mg), along with a 16.2% increase in
' Raphanus N . carbohydrates. Additionally, chlorophyll 2 content
Ulva fasciata satious Soil incorporation increased by 97.5%, chlorophyll b by 92.7%, and [125]
carotenoids by 2.14-fold.
This improvement in growth is primarily attributed to
the nutrients and growth hormones (gibberellins,
indole-3-acetic acid, and cytokinins) present in
Ulva fasciata, which significantly stimulate plant
development.
The application of phenolic compound extract isolated
Ecklonia Eucomis . . from seaweed at a concentration of 107® M improved
maxima autumnalis Soil drenching bulb size and number, fresh weight, root production, [123]
and the content of bioactive phytochemicals.
The application of a 20% liquid extract resulted in
- An 11% increase in seed germination percentage
compared to the control;
- A 63.38% increase in the number of lateral roots, a
Sargassum Triticum Soaking the seeds 6.7% increase in shoot length, and a 46.15% [124]
wightii aestivum for24 h increase in the number of plant branches.
In terms of yield, the extract led to a 54.16% increase in
the number of grains per plant, an 18.75% increase in
grain length, and a 22.86% increase in grain dry weight
compared to the control.
Application of 20 g-kg ! of seaweed powder improves
plant development compared with NPK.
- Improved morphological growth (shoot length and
Sargassum Capsicum Soil i . number of leaves);
. oil incorporation ) ) [11]
muticum Annuumm - Increased o dry weight of plant internodes
and fruit);
- Increased content of photosynthetic pigments,
proteins, and mineral elements.
Plants treated with 40 g kg~! of algae showed
- Increases compared to the control group: plant
height increased by 38%, trunk diameter by 22%,
Lessonia total root length by 30%, and root surface area
nigrescens Malus - . by 58%;
Lessonia hupehensis Soil incorporation Ti,le photosynthesis rate, chlorophyll content [119]
flavicans (a +b), and protective enzyme activities

(superoxide dismutase, ascorbate peroxidase, and
catalase) were 78%, 20%, 23%, 45%, and 144%
higher, respectively, than in the control group.

3.4.3. Effect Against Biotic Stress

Seaweeds are used to protect plants against bacteria and pests and to improve stress

management (drought, salinity, etc.) [140]. In particular, their methanolic extracts are consid-
ered a source of bioactive components with antimicrobial activity, such as polysaccharides,

peptides, amino acids, lipids, and polyphenols. A study by Arumugam et al. [141] shows
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that the methanolic extract of Gracilaria edulis acts perfectly against Staphylococcus aureus
bacteria due to their richness in esters and polyunsaturated alcohols. However, Ulva lactuca
extract has low antimicrobial activity against Pseudomonas aeruginosa. Cmikova et al. [142]
point out that the fucoidan present in the algae Laminaria japonica and Undaria pinnatifida
is responsible for the strong antimicrobial activity on bacteria (Bacillus subtilis, Staphylo-
coccus aureus subsp. aureus, and Enterococcus faecalis). Another study conducted by Chan-
drasekaran et al. [143], comparing different biofertilizer extracts, showed that the extract
of Ulva fasciata obtained by ethyl acetate showed the greatest antibacterial activity against
all tested bacterial strains (Bacillus subtilis, Streptococcus pyogenes, Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Salmonella typhimurium, Vibrio cholerae, Shigella flexneri,
Proteus mirabilis, and P. vulgaris). Nagayama et al. [144] also reported that the antibacterial
activity of Bifurcaria bifurcata is essentially linked to the interactions of bacterial proteins
with algal tannin groups, which are polar, highly reactive, and display significant antioxi-
dant activity. Various other studies evaluating the antibacterial effect of algae, such as the
methanolic extract of Polysiphonia lanosa against Xanthomonas arboricola [93], Padina tetrastro-
matica and Sargassum ilicifolium against Vibrio parahaemolyticus [145], Bifurcaria bifurcata and
Ulva fasciata collected from the Moroccan Atlantic coastline (Agadir) against pathogenic
bacterial strains such as Escherichia coli and Bacillus subtilis [146]. The fatty acids extracted
from Spatoglossum asperum were found to inhibit the growth of Macrophomina phaseolina,
Rhizoctonia solani, and Fusarium solani [147]. In addition, the seaweeds liquid extracts also
act against different types of fungi, such as the application of Halimeda tuna extract against
Aspergillus niger, Aspergillus favus, Alternaria alternata, Penicillium sp., and Rhizopus sp. [148].
Similarly, Ascophyllum nodosum liquid extract applied by spraying has a potential elicitor
effect against carrot leaf diseases caused by Alternaria cucumerinium, Alternaria radicina,
Didymella applanata, and Botrytis cinerea [19].

3.4.4. Effect Against Abiotic Stress

Seaweeds are potentially an effective solution for mitigating the negative effects
of plant drought, acting in different ways depending on the species. For example, the
application of Laminaria ochroleuca extract reduced lipid peroxidation in plants. The positive
effect of Ascophyllum nodosum extracts was mainly attributed to the accumulation of proline
in plant tissues. The application of Ulva lactuca resulted in a higher concentration of soluble
sugars in plants. In contrast, the application of Fucus spiralis contributed to the accumulation
of both proline and soluble sugars [149]. Kasim et al. [94] reported that presoaked seeds of
Triticum aestivum in seaweed extracts (Sargassum latifolium, Ulva lactuca, and their mixture)
enhanced plant defense against drought stress by activating antioxidant systems, such as
catalase, peroxidase, and ascorbate, also providing essential hormones and micronutrients
for wheat growth. Furthermore, the foliar application of Ascophyllum nodosum extract,
drench, or both promoted the growth of spinach grown under drought conditions by
improving leaf water relations, maintaining cell turgor pressure, and reducing stomatal
limitation. However, it may have a negative impact on nutritional quality, notably by
reducing the ability to chelate ferrous ions under severe drought conditions [150]. Thus,
algae are among the most promising treatments for promoting growth in plants grown
under salt stress. This is confirmed by the decrease in Na levels in plants grown under salt
stress and treated with seaweed [151]. Latique et al. [152] applied the liquid seaweed extract
of Fucus spiralis by spraying to durum wheat plants subjected to salt stress and, through
this study, they confirmed that algae treatment has proven to be an effective technique for
improving the growth of wheat seedlings in salt stress conditions. Furthermore, seaweed
extracts can enhance photosynthesis and the antioxidant system in saline-stressed plants
by inducing the accumulation of secondary metabolites (proline, total phenols, flavonoids,
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and antioxidant compounds), which are the main factors modulating plant response to
salinity tolerance [153].

3.5. Industrial Development of Seaweed-Based Biofertilizers

The field application of seaweed-based biofertilizers to agricultural crops for human
consumption is now widely practiced on a commercial scale. Of these, brown algae are
the most widely used in the production of commercial biofertilizers, such as Ascophyl-
lum nodosum, Ecklonia maxima, Durvillea potatorum, and Macrocystis pyrifera [2,154]. Most
commercialized products are Ascophyllum nodosum under various product names, such
as Seasol (Seasol International), A. nodosum extract (Acadian Seaplants Ltd- In Nova Sco-
tia, Canada.), Super Fifty (BioAtlantis Ltd-County Kerry, Ireland), and Alga Special (AS)
(L. Gobbi s.r.1.) [155]. Indeed, Ascophyllum nodosum extract is the most widely exploited,
particularly in Canada’s Maritime provinces, where it is a major economic resource [156].
The experiment of Frioni et al. [157] was conducted in 2013 in central Italy (Deruta, Umbria,
clay soil type, southern exposure, north-south row orientation) on 48 vines of 15-year-old
Vitis vinifera L. An application of 1.5 kg /ha of product five times during the season, starting
two weeks before veraison, resulted in acceleration of veraison, improved anthocyanin
accumulation, and increased phenol content. This suggests that the modulated appli-
cation of this product may be a simple way of improving the chromatic and chemical
properties of grapes and wines. As part of a three-year field experiment conducted by
Szczepanek et al. [158] in Poland, the effects of the commercial biostimulant Kelpak derived
from Ecklonia maxima Osbeck, due to their richness in phytohormones, brassinosteroids,
alginates, amino acids as well as macro- and microelements, on the growth of the Triticum
aestivum L. plant, were evaluated. It was applied at a rate of 1.5 L/ha at the start of tillering
and stem elongation. The results indicated a positive response in yields, such as increased
grain quantity per ear, grain weight, and overall grain yield under sequential treatment.
Ashour et al. [159] used the commercial biofertilizer True-Algae-Max (TAM), which con-
tains a combination of three seaweed species: Ulva lactuca (Chlorophyceae), Jania rubens,
and Pterocladia capillacea (Rhodophyceae), and studied its ability to improve the yield and
nutritional characteristics of a strawberry plant cultivated in the village of Omar Makram
(Egypt). The results showed that treatments with 50% TAM, combined with 50% NPK
chemical fertilizer, resulted in a yield of 982.33 g per plant, a 25% increase over the control
group. These findings suggest that TAM could serve as a sustainable alternative to reduce
the use of chemical fertilizers while enhancing crop yields. Along with the use of Ascophyl-
Ium nodosum as a commercial biofertilizer, it also offers effective protection against various
biotic and abiotic stresses. For example, Ascophyllum nodosum extract supplied by Acadian
Seaplants Ltd. (Dartmouth, Nova Scotia, Canada) was used by Ali et al. [160] on tomato
and bell pepper crops in farmers’ fields in Valencia to protect them against biotic stress
induced by the bacteria Xanthomonas campestris and Alternaria solani. Foliar application of
this extract at 0.5% reduced disease by 60% and increased yields by 57%, achieving fruit
yields of 258.15 kg for tomato and 364.10 kg for bell pepper per season, compared with
167.79 kg and 212.04 kg, respectively, in control plots. Similarly, the commercial extract of
Ascophyllum nodosum, marketed as Amino Seaweed (SV Group, Bangkok, Thailand), was
used by Ahmed et al. [161] to evaluate its effects on growth, physiology, yield, and water
use efficiency in tomato under water stress. The results showed that the application of
5 mL/L of this product in soil drenches resulted in a 225% yield increase, with a yield of
523.3 g of fruit per plant, compared with 265.6 g of fruit per plant for plants not treated
with algal extract.

In light of the results of the literature review, the biofertilization and bioprotective
properties of seaweeds make them invaluable for promoting sustainable, environmentally
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friendly agricultural practices. Their ability to enhance plant growth under normal con-
ditions or in the event of biotic or abiotic stress means that agricultural crop yields can
be optimized.

4. Bibliographical Analysis of the Potential Impact of Lichens as a Source
of Organic Fertilizer

4.1. Diversity of Lichens in Africa

Lichen species diversity is potentially threatened by global climate change, particu-
larly in southern Africa [162], which represents a major center of global lichen distribution.
Since 1770, biologists have attempted to study the distribution of lichen communities in
southern Africa [163]. In Morocco, the first catalog of lichen distribution was provided
by Gattefossé and Werner in 1931, listing 542 species. In 1996, a new catalog was pub-
lished, including 210 genera and 1100 taxa [164]. In 2013, another catalog was updated,
showing the evolution of lichen species diversity, which then stood at 1169 species, di-
vided into 21 orders, 75 families, and 241 genera [165]. Finally, the most recent update of
the lichen catalog in Morocco shows that the country’s lichen biodiversity now includes
1237 species [166]. However, although they are ecologically important, the study of their
distribution is limited.

4.2. Biochemical Characterization of Lichen

Lichens produce primary and secondary substances. Among primary substances are
chitin, lichenin, isolichenin, hemicellulose, pectins, disaccharides, polyalcohols, amino
acids, vitamins, enzymes, and pigments. They are related to structural, functional, and
cellular functions and are similar to those found in plants [167,168]. They also contain
essential nutrients, including macro (N, P, K, Ca, Mg, and S)- and micro (Fe, Cu, Mn,
Zn, and B)-elements [4]. Secondary substances include large quantities of organic acids
(butyric, propionic, malic, malonic, citric, maleic, and succinic acids, etc.), amino acids
(histidine, alanine, cysteine, glutamate, aspartate, asparagine, glutamine, and glycine, etc.),
and hormones (gibberellic acid, salicylic acid, indole acetic acid, and abscisic acid) [169,170].
Lichens are capable of producing unique secondary substances not generally found in
plants [171].

4.2.1. Polysaccharides

Polysaccharides represent a major fraction of the compounds present in lichens, with
a predominance of x-glucans, 3-glucans, and galactomannans, representing 57% of all
lichenic constituents [168,171]. These compounds originate mainly from the mycobiont.
That is confirmed by the separation of photobiont from mycobiont, the latter producing
polysaccharides similar to those of the parent lichen. While the photobiont generates
distinct polysaccharides, as reported by Akbulut et al. [168] and Silva et al. [170].

4.2.2. Chlorophyll

The lichen photobiont produces chlorophyll, enabling photosynthesis and supporting
lichen growth and development, even under extreme conditions. The thallus of the myco-
biont, which acts as a shelter, in turn protects the photobiont from excessive radiation by
filtering it through various substances. This interaction was confirmed by separate cultiva-
tion experiments of the lichenized fungus and its photobiont partner, where chlorophyll
content decreased significantly in the photobiont grown alone [172]. However, chloro-
phyll content in lichens varies according to the location of the species and decreases with
increasing air pollution [173].
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4.2.3. Phytohormones

Several studies have shown that lichens represent an important source of phytohor-
mones, such as auxin (indole-3-acetic acid, IAA), gibberellic acid (GA3), abscisic acid (ABA)
and cytokinin (zeatin). Their production and release vary according to species [169,174].
Pichler et al. [174] show that IAA represents the most abundant phytohormone produced
and released by mycobionts of Cladonia grayi, Xanthoria parietina, and Tephromela atra lichens.
In contrast, salicylic acid was released only by Xanthoria parietina and Tephromela atra,
while jasmonic acid was released by Cladonia grayi only. These compounds were also
released in large quantities into the extracellular space, where they can be perceived by
other microorganisms, potentially influencing their gene expression, metabolism, and
physiology [174].

4.2.4. Minerals Elements

Lichens efficiently accumulate a variety of essential mineral elements such as N, K, Ca,
Mn, P, B, S, Zn, Mg, Fe, and Cr [175-178]. Previous studies have shown that the mycobiont,
due to its direct interface with the external environment, is primarily responsible for the
acquisition of these mineral elements [179,180]. A mineralogical analysis performed in the
study conducted by Clark et al. [180] on Xanthoparmelia chlorochroa showed a particular
spatial distribution of mineral constituents in the thallus, indicating that mycobiont is
responsible for their absorption. It would also help to create a favorable environment,
thereby enhancing photosynthetic processes in the photobiont. Moreover, the ability of
lichens to accumulate minerals is enhanced under humid conditions, as shown in a study
by Adamo et al. [176]. Once minerals have been absorbed, they can be transferred to
surrounding plant communities via litter, leaching, or incorporation by bacteria, thus
contributing to soil fertility [181]. Nitrogen is mainly acquired by the lichen photobiont
from a variety of sources, with ammonium uptake generally higher and more passive than
nitrate uptake. Cyanobacterial lichens, on the other hand, show a lower rate of nitrogen
uptake. However, all lichens could assimilate amino acids [182]. Furthermore, lichen-
associated bacteria possess nitrogen-fixing potential [22]. However, increasing nitrogen
sources and availability to high levels can reduce lichen abundance and diversity [183].

The richness of lichen species such as Usnea antarctica, Hydropunctaria maura, Wahlen-
bergiella mucosa, Stictu sp., and Pseudevernia furfuracea in photosynthetic pigments, min-
eral compounds, and other bioactive compounds revealed by several literature refer-
ences [167,169,176-178,184], suggesting that their nutritional potential was significantly
higher than that of various organic sources [4,20,185]. However, their application as biofer-
tilizers has rarely been studied.

4.3. Effect of Lichen on Agricultural Soil
4.3.1. Effect of Lichen on the Physical, Chemical, and Nutritional Characteristics of the Soil

Lichens have a positive influence on the physical and chemical properties and nutri-
tional quality of soils, depending on the lichen species [25,185,186]. Lichens can increase
water content by regulating the soil surface microclimate (lowering soil temperature), re-
ducing soil evaporation, and increasing water retention. Ghilouf et al. [187] show that
Squamarina cartilaginea, Diploschistes diacapsis, and Fulgensia bracteata significantly increased
soil water and nutrient content. They can also influence soil pH and organic matter. The
secretion of organic matter by lichens and its accumulation under lichenic cover leads to a
drop in soil pH by releasing hydrogen ions associated with organic anions [25,188].

This positive impact is also linked to an increase in carbon and nitrogen nutrients
in the soil, with bioavailable forms of inorganic nitrogen such as NH;" and NO3~ in-
creasing under lichen cover [187]. In addition, Santiago et al. [25] demonstrated that soil
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covered with Cladonia salzmannii lichen showed improvements in calcium content, with
a reduction in aluminum content. Indeed, there is a close relationship between lichens
and soil minerals. The production of polysaccharide compounds by lichen hyphae, as
well as the activity of lichen-specific bacterial colonies, is essential in the formation of soil
organo-mineral aggregates [189]. The impact of lichens on soil properties depends on the
species. Ghiloufi et al. [187] revealed that the lichens Squamarina cartilaginea, Diploschistes
diacapsis, and Fulgensia bracteata were particularly effective in improving soil characteristics,
reducing soil pH, and increasing soil water and nutrient content compared to Psora decipiens
and Endocarpon pusillum due to their lower cover and their thinner thallus (<1 mm thick),
which results in low water retention.

4.3.2. Interactions of Lichen with Soil Microbial Community

Changes in soil physico-chemical properties caused by lichen cover can induce alter-
ations in the microbial community. Knowing that soil pH has been identified as the main
factor influencing microbial diversity, including bacteria and fungi [190,191]. Similarly, soil
moisture, as well as carbon (C) and nitrogen (IN) concentrations, exert a beneficial effect on
the biomasses of microbial communities [25,192]. Substances secreted by lichens, such as
usnic and perlatolic acids, are also a source of carbon beneficial to microbial biomass in the
soil [25,193]. Santiago et al. [25] observed that soils covered with Cladonia salzmannii had
higher microbial biomass (1462.3 pg C g soil ') than bare sandy soils (1268.6 pg C g soil 1),
although the activity of the microbial community did not show a dramatic response to
lichens as evidenced by the identification of carbon dioxide respiration rates between
lichen-covered and bare soils. In fact, microbial communities accumulate carbon in their
biomass and therefore show lower microbial respiration values, which reduce carbon
emissions to the atmosphere. These results suggest that soil cover by C. salzmannii could
contribute to better carbon sequestration. In addition, fungi were also evaluated, showing
that the highest values of percentage root colonization by arbuscular mycorrhizae and
spore number were observed in areas covered by lichens, suggesting an interaction between
arbuscular mycorrhizae fungi and C. salzmannii cover [25]. All these factors induced by
the lichen have contributed to the development of the Genipa Americana plant cultivated
in the soil studied, improving their length, fresh and dry weight, and Ca, Mg, and Na
content. However, other studies showed that microbial biomass in soil did not react sig-
nificantly after the application of some lichens [194,195]. This effect was related to the
negative correlation of the microbial community abundance with higher lichen soil cover,
as suggested by Ghiloufi et al. [187]. The species of Squamarina cartilaginea, Diploschistes
diacapsis, and Fulgensia bracteata were found to significantly reduce the abundance of soil
microbes, which could be explained by their ability to reduce light availability for microor-
ganisms. This light reduction would explain the lower microbial abundance observed
under these lichens compared with P. decipiens and E. pusillum, which have a lower cover
and finer, discontinuous thallus, allowing better light transmission. This inhibition of
microbial growth may also be due to their antibacterial activity, as shown by the in vitro
results of Mendili et al. [196], which deduced that the application of Flavoparmelia caperata
powder showed the greatest inhibition diameter (25.5 mm) against Staphylococcus aureus.
This antimicrobial effect is likely due to the production of secondary metabolites, including
usnic acid, psoromic, lecanoric, and parietin [197,198]. Consequently, this differentiation in
lichen effect is mainly associated with differences in lichen cover, their morphological and
physiological characteristics, and the chemical substances they secrete.

The interaction between the biotic attributes of lichen communities, including lichen
species richness, regularity, and spatial configuration, strongly influences soil microbial
biomass and the functionality of their biodiversity, as shown in a study by Castillo-
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Monroy et al. [199], which assessed the influence of biocrusts formed by lichen communities
Acarospora nodulosa, Collema crispum, Diploschistes diacapsis, Squamarina lentigera, Fulgensia
subbractaceatan, Lepraria membranaceum, Psora decipiens, Cladonia convoluta, Squamarina carti-
laginea, and Toninia sedifolia on subsurface microbial function. They showed that microcosms
accompanied by a random distribution of lichen species, with intermediate species richness
and maximum equitability, display a higher microbial catabolic profile than those observed
in soils where lichens are distributed in clusters. Consequently, the distribution of lichens
in microcosms promotes the improvement and diversification of the microbial community.

4.4. Potential Effect of Lichens on Plant Growth: Future Ecological Opportunity for
Sustainable Agriculture

The positive impacts resulting from the application of lichens to the soil potentially
favored plant development (Figure 8) [4,25,187]. Santiago et al. [25] showed that Genipa
americana plants grown in soil covered with lichen Cladonia salzmannii showed improved
vegetative development. In addition, inoculation of lichen-covered soils with arbuscular
mycorrhizae significantly enhanced Genipa americana growth, increasing fresh and dry plant
weights and nutrient contents. This is due to the bioactive compounds secreted by the
lichen, whose barbaric acid strengthens the association between plant roots and arbuscular
mycorrhizae. Another study applied Bacillus licheniformis isolated from Collema undulatum
lichen, by inoculation to corn plant growth. Results showed that this innovative practice
promoted elongation of stems (7 cm), leaves (57 cm), and roots (22.5 cm), compared with
the negative control (18, 10, and 9.8 cm, respectively). Increased chlorophyll levels were
also seen at 40 SPAD (Soil Plant Analysis Development) compared with the negative control
(13 SPAD). Similarly, the production of phytohormones by this lichenin bacterium, notably
indole-3-acetic acid, stimulated phosphate, potassium solubilization, and the synthesis of
extracellular enzymes such as cellulases, proteases, amylases, and (3-1,3-glucanases [200].
Gunes et al. [4] also revealed that certain lichens, such as Dermatcarpon miniatum, Parmelia
saxatilis, and Umbilicaria nylanderiana, possess high nutritional potential, with a higher
mineral composition than of certain organic fertilizer sources, which could be particularly
beneficial in sustainable organic agriculture.

"4
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and solubilization
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Elongation of root

Figure 8. Schematic improved soil fertility through lichens.
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These discoveries suggest that lichens could play a key role as innovative biofertilizers
in improving soil fertility. However, research into the direct use of lichens in agricultural
crops is still rare.

4.5. Agronomic Validation of Lichens: Suggestions for Experimental Axes Towards a New Class
of Biofertilizers

The present bibliometric and bibliographic study on the use of lichens in agricul-
ture highlights their richness in bioactive secondary metabolites [172,175,176,178,179,182].
However, research on the evaluation of lichens as biofertilizers in both controlled and
field conditions remains very limited. With this in mind, a rigorous agronomic validation
process of lichens is essential in order to determine their effectiveness as innovative, en-
vironmentally friendly, and sustainable biofertilizers and to enable their integration into
organic product ranges that can serve as an alternative to chemical fertilizers. Indeed,
future scientific research should be based on credible analogies and plausible experimental
avenues. Evaluating the effects of different lichen species on plant growth under con-
trolled conditions, from germination to root, aerial, and biomass development. Similarly,
developing formulations suitable for agricultural applications is a promising avenue of
research, such as encapsulation, soil incorporation, or foliar spraying. This research will
then need to be followed up with field trials to evaluate the effect of lichens on crop yield,
nutrient mobility in the soil, microbial biodiversity, and their synergies with beneficial
microorganisms present in the soil, such as PGPR and mycorrhizal fungi.

5. Conclusions and Future Perspectives

Seaweeds and lichens are natural resources rich in bioactive compounds. These
biomasses can be exploited as natural fertilizers for agricultural crops, laying the founda-
tions for sustainable environmental development without endangering the natural habitat.
Based on the bibliometric and bibliographic analysis carried out in this review, the applica-
tion of seaweed-based biofertilizers in agriculture is widely studied and well developed
worldwide. They are used in a different form, solid or liquid. However, the use of lichens
for agricultural purposes remains marginal despite emerging evidence in the scientific
literature of their potential beneficial effects on plant growth.

Future perspectives can contribute to maximizing the diversity of organic biomass
used in agriculture while reinforcing the transition to a more sustainable, ecological, and
efficient model, such as the optimization of algal biofertilizer application methods, in
particular the enrobing of seeds with seaweeds, which would enable action to be taken at
germination and in the early stages of development, while providing protection against
abiotic stress and unintended bacterial or fungal contamination.

Concerning lichens, to exploit this innovative reservoir of nutritive and bioactive
compounds, scientific research needs to be extended, in particular on the direct applications
of different lichen species, as well as deepening the understanding of their mechanisms of
action, while defining optimal formulations and validating their effects on various types
of crops. Thus, further data needs to be collected to strengthen the arguments in favor of
large-scale industrial applications. Similarly, the combination of algae and lichens suggests
a highly interesting synergistic potential for enhancing plant growth.
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