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A B S T R A C T

Seaweed farming, or seagriculture, is expected to provide sustainable biomass enabling the development of
marine bioeconomy through the blue growth. Epiphytism is a common phenomenon in seaweed farming that
impacts the biomass yield. Epiphytes may be other non-wanted algal species, viruses, bacteria, and fungi.
Epiphytes can attract grazers such as crabs, lobsters, shrimp, crayfish, fish, and turtles, which have both positive
(enriched biodiversity throughout the food chain, ecosystem services, etc.) and negative (yield loss, etc.) impacts
on seaweed farming. A critical challenge for the future seagriculture is how to address the pest problem.
Although well developed for terrestrial agriculture, pest management frameworks for seaweed farming have yet
to be set up. In this regard, we propose a framework for marine integrated pest management in seaweed farming.
Based on several cases-studied: indoor and offshore seaweed farming in Israel and traditional seaweed farming in
India, pest prevention, pest control, pest mitigation strategies and their implementations are discussed.

1. Introduction

Macroalgae, generally known as seaweeds, play a significant role in
bioeconomy and low carbon societies, providing food ingredients,
chemicals, and biofuel [1,2]. Their high biomass productivity [3,4]and
unique constituents [5], make them an interesting feedstock for the
biorefineries. Seaweed-based biorefineries cover various sectors such as
platform chemicals, biofuels, pharmaceutical and cosmetic ingredients,
biofertilizers, animal feed, food, and food additives, demand for which
is growing worldwide.

Nowadays, seaweeds are already cultivated at commercial scale for
direct human consumption [6], production of high-value products [7]
and for extraction of unique polysaccharides [1] such as agar, carra-
geenan, and alginate [8,9]. In the last decades, the increasing demand
for seaweed resulted in the increase of the cultivation area: the seaweed
production (27.3 million tons) in 2014 represented ~49% of the total
mariculture [10].

Our previous global productivity assessment showed that seaweed
farming in the near-future technologically and economically deployable
areas, associated with up to 100 m water installation depth, and 400 km
distance from the shore, can provide for 109 dry weight (DW) ton -
year−1, which is equivalent to ~18EJ [1]. Processing of this biomass
could potentially displace 20% of fossil fuels in the transportation
sector in 2050, or provide for 100% of the predicted demand for
ethanol, acetone, and butanol, and 5–24% of the demand for plant

proteins in 2054 [1]. This production, however, will require significant
expansion of the cultivation areas [11]. Additionally, any expansion of
cultivation area can lead tonew problems such as ecological dis-
turbance, diseases outbreaks, non-indigenous pests, as observed in the
terrestrial agriculture [1,10]. Therefore, further understanding of the
marine environment changes associated with large-scale farming is
needed.

Though occurrence of epiphytes and fauna are inevitable in the
marine environment of seagriculture [12], increase in their abundance
can negatively impact seaweed crop yields. For example, decreases in
biomass production and product quality generated from seaweed cul-
tivated in Malaysian and Filipino seawater were linked to epiphytic
outbreaks [13]. In the Philippines, 2011 to 2013, the ‘ice-ice’ disease in
Kappaphycus alvarezii, caused by bacteria infection [14,15], led to a
heavy economic loss of almost $310 million [10]. However, in contrast
to the terrestrial agriculture, the control and management of marine
pests have been neglected and there is a gap in the methods addressing
and managing marine pests. With these data on crop losses from the
current largest world producers, it is necessary to consider the problem
caused by pests and develop an appropriate risk management process
for seagriculture. One approach to tackle these problems is to under-
stand the macroalgae interactions with associated epibiotic species.
Because of the extreme sensitivity of marine ecosystems to chemical
treatment, the only ecosystem-based pest management strategy, with a
focus on the biological control that is friendly to the local ecosystem,
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would be applicable.
The integrated pest management (IPM), developed for terrestrial

agriculture, is the decision-based process used to optimize the control of
all types of pests in an economical and ecological way [16]. In terres-
trial agriculture, IPM strategy not only shows effective management of
pests and diseases but also reduction of production costs to farmers
[17]. IPM integrates multidisciplinary methodologies for the develop-
ment of agri-ecosystem management strategies while reducing negative
impacts on public health and environment [18].

In this study, we focus on potential pests in seagriculture by re-
viewing the damages to seaweed crop due to the different types of or-
ganisms associated with seaweeds. We propose a categorization of pests
in a seagriculture system using IPM framework and suggest risk man-
agement strategies to address the pest problem. We support this ana-
lysis with a field visit in India and controlled indoors and offshore case
studies of cultivation of the green macroalgae Ulva sp. in Israel.

2. Materials and methods

2.1. Methodology for pest classification

The overview of the interaction of seaweed with its epibiota was
based on literature. Special focus was made on interactions that could
damage seaweed or seaweed derived products. Based on the definition
of pests in terrestrial agriculture, we defined pests for seagriculture. The
classification was done according to the nature of the pests, as well as
their potential damage to seaweed crops.

2.2. Interview with seaweed farmers in India

The information related to pest problems that seaweed farmers are
facing was collected from a field visit to commercial cultivation site in
South India in August 2016 by interviewing the farmers or people in-
volved in seaweed cultivation. In India, the exploitation of seaweed was
traditionally carried out in the southern part, which is famous for the
production of seaweed for agar and alginate [19].

2.3. Indoor macroalgae cultivation in the plastic photobioreactor

Two species of marine green macroalgae were cultivated for
2 months building integrated macroalgae photobioreactor described in
ref. [20]. The selected species were Cladophora sp. collected from the
Mikhmoret beach in Israel, and Ulva rigida, collected from Haifa, Israel.
The biomass was manually sorted and then cultivated in custom made
40 L, 200 μm polyethylene sleeves (Politiv, Israel, length 100 m,
thickness 200 μm, width 0.4 m) with embedded anti-UV protection. The
cultivation was done in nutrient-enriched seawater under natural illu-
mination from July to August 2016. Cultivation was continuously cir-
culated with the exchange rates of 40–80 L h−1. Mixing was done using
an air column at 2–4 L min−1 air flow rate. Depending on specific
sleeve location, illumination varied between reactors in the range of
238–348 μmol photons m−2 s−1. Nutrients were supplied by adding
ammonium nitrate (NH4NO3, Haifa Chemicals Ltd., IS) and phosphoric
acid (H3PO4, Haifa Chemicals Ltd., IS) to maintain 6.4 g m−3 of ni-
trogen and 0.97 g m−3 of phosphorus in the cultivation media. Epi-
phytes were monitored daily and recorded by digital photography.
Sleeves were manually cleaned with soap and bleach to remove the
contaminating epiphytes from the system prior to cultivation.

2.4. Offshore macroalgae cultivation in net-cages

The cultivation was performed in the marine basin of the Tel Aviv
Reading power station from December 2015 to February 2016 as de-
scribed in ref. [21]. Biomass (40 g wet weight per reactor) was culti-
vated in thin layers (2 cm layer), separated by nets (TENAX Tubular
nets for Mussel Breeding & Packaging Shellfish Polypropylene, mesh

configuration – rhomboidal, 32 G 223 neutral. 74 N 140 green, Gallo
Plastik, Italy).The cage (0.15 m × 0.3 m, total illuminated area
0.045 m2) was built from polyethylene (PE) (D = 32 mm) and high
density polyethylene (HDPE, D = 16 mm) pipes and a TENAX net
(Gallo Plastik, Italy) to allow for full illumination while preventing
access to grazers. The reactors were connected to ropes and kept at
5–20 m from the shore. Three cultivation reactors were used in this
study. Daily growth rate (DGR) was calculated as in Eq. (1).
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N is the number of days between measurements, mout are the WW
(gr) measured at the end of each growth period, and min is the WW (gr)
of the inoculum.

3. Results and discussion

3.1. Interaction of seaweed with its ecosystem and possible risk factors to
seaweed crops

In this nutrient competitive marine ecosystem, seaweed with a solid
surface, provides anchoring surface, carbon source, nitrogen, secondary
metabolites and other beneficial additives to microorganisms [22,23]
and other epibionts [24]. In addition, seaweeds provide habitat re-
source for seaweed-dependent multicellular organisms; as well as pro-
tecting them from environmental stresses and predators.

In nature, seaweeds are holobiomes [25]. Indeed, seaweed can host
various microorganisms such as protista, fungi, bacteria, and viruses
[26]. Additional epiphytes associated with seaweed can be microalgae
and other seaweed species, which cover the seaweed surface resulting
in its cloudy, thick and clustered appearance. Epibiota or epifaunal
communities on seaweed also referred as ‘phytal’, are generally verte-
brates, small to large grazers and other animals [27]. Majority of these
species are not harmful to seaweed directly as it provides them food and
shelter [27]; however, some of them can damage seaweed crop in in-
dustrial cultivation [28]. In this study, we are using the word epifauna
to refer to certain animals that are important components of seaweed
ecosystem and interact with seaweed directly or indirectly. In the fol-
lowing sections, we will provide an analysis of various interactions of
seaweeds with organisms living in their environment.

3.1.1. Seaweed interaction with viruses
Viruses were shown to infect algal hosts with large double-stranded

DNA. For example, marine brown macroalgae viruses latently occur in
their host cells and are induced to multiply in response to a variety of
external stimuli such as a change in light and temperature [28]. Recent
genome research of Ectocarpus siliculosus showed that up to 50% of the
natural algal population are infected by viruses [29]. This suggests that
viruses have a potential to strongly influence seaweed lifestyle [30].
Further studies are needed to detect potential viral infections in com-
mercial seaweed farming.

3.1.2. Seaweed interaction with fungi
Although there is very little reliable documentation of fungi asso-

ciated with seaweeds (as far as we know), the majority of fungi asso-
ciated with algae belong to the Ascomycota division or phylum of fungi
and only a few conidial fungi are known [31,32]. As symbiotic bacteria,
some fungi may play important role in seaweed biology [33], but fungi-
algal interaction is generally complex and predominately shows pa-
thogenicity or parasitism [32].

3.1.3. Seaweed interaction with bacteria
Probably the most investigated interactions so far are seaweed-

bacteria interactions. As a favorable place for existence and reproduc-
tion [34], various biochemical and physical properties of seaweed
surface play important role in bacterial communities by providing
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oxygen, nutrients, and habitat to grow on. For example, seaweed cell
wall consists of various carbon-rich elements, which are a possible
source of nutrients for bacterial species. This symbiosis of seaweeds and
bacteria is possible probably because of the mutual benefits of these
species in the competition for nutrients marine environment. Bacteria
need seaweeds and seaweeds need bacteria.

Some bacterial species are essential for seaweed growth. These
bacteria produce protective chemicals with antifungal activity [35],
antiprotozoal [36], anti-settlement [37], antibiotic activity [38], and
photosynthesis functions [39]. For example, epiphytic bacteria produce
indole-3-acetic acid which acts as a growth hormone in seaweed
[40,41]. In addition, epiphytic bacteria can provide many essential
nutrients, vitamins such as vitamin B12 [42,43] to seaweed. Moreover,
bacteria help in the settlement of seaweed spores [44,45], spore ger-
mination, and morphogenesis. For example, thallusin-producing [46]
bacteria play a critical role in Ulva development [46,47]. Other bacteria
produce Acyl Homoserine Lactones (ASL's), which are essential for
Ulva's zoospore accumulation, and improve zoospore germination [48].
Additional examples include seaweeds that regulate associate bacteria
activity by producing quorum-sensing inhibitors [49]. For example,
seaweed bladderwrack, Fucus vesiculosus, produces fucoxanthin pig-
ments which in high concentration show antifouling properties [50].
These natural capabilities of seaweed to regulate their epibiota [51]
could be used in the future to develop strategies to protect seaweeds
crops from bacterial infections.

Except for the bifacial role that bacteria plays in seaweed lifestyle,
the bacteria play an important role in many seaweed diseases [22]. For
example, the algal diseases could happen due to bacterial digestive
enzymes that degrade the algal cell wall [22]. In addition, bacteria can
produce toxins [52] and inhibitors of seaweed development [53].
During the disease, the number of bacteria increases dramatically,
leading to the rapid collapse of the seaweed crop culture [54].

Additional problems with bacteria arise from biofilms. Bacterial
biofilms start the colonization process by creating a microenvironment
that is more favorable for biofouling species as it enhances the at-
tachment of fouling organisms that may be pest or parasites [55].
Biofilms also cause reduction of the light transmission to the seaweed
[56] and reduction of gaseous exchange [57,58], which are responsible
for the death or adverse impact on crop's yield.

3.1.4. Seaweed crop interaction with epiphytic algae
Besides bacteria, fungi, and viruses, other epiphytic organisms in

seaweed culture are algal species that include marine microalgae, fi-
lamentous algae, and other seaweed species. Although microalgae,
phytoplankton, are not directly responsible for any known harm to
seaweed, in high density they can compete for the nutrients [59]. The
filamentous algae are one of the most preferred food in marine en-
vironment [60], so it can easily attract grazers if present with the
seaweed crop. However, few filamentous algal species are responsible
for the diseases in the seaweed [13].

The interaction of seaweed crops with other seaweed species is
primarily for the use the surface of the host seaweed for the attachment
and growth as shown in (Fig. 1A, B, and D). However, this attachment
can be harmful to host seaweed directly or indirectly in many ways. If
epiphyte problem outbreaks frequently, it can reduce the quantity of
seaweed in production with drop down seaweed product quality and
increase the possibility of disease [13]. The direct injuries to the host
plant due to penetration of anchor of an epiphytic seaweed can result in
diseases to or death of the host. In addition, almost all epiphytes attract
many grazers that feed on them and on the host leading to additional
yield reduction.

3.1.5. Seaweed interaction with animals
Physical and biological factors such as temperature, predation

pressure, competition, availability of epiphytes, and productivity im-
pact epifauna activity [61]. The morphological complexity of seaweed,

the presence of specific epiphytes are the preferable places for few
faunal species because it provides them habitat and protection [62].
Although many of the epifaunal organisms feed on decaying matter or
other fauna, few species directly feed on seaweed crops and must be
controlled [63].

These epifaunal species includes diverse kinds of invertebrates, a
small crustacean, fish, turtles, and birds, which get benefits from sea-
weed and its epiphytes. As seaweeds are primary producers in this
ecosystem, many marine herbivores dependent on them either on them
directly or on the epiphytes present on the body of seaweed. Although
few amphipods reduce epiphytic biomass from the seaweed Sargassum
filipendula [64], many species of crustaceans reduce the seaweed bio-
mass itself [65].

The examples of various epibiota on the seaweed are summarized in
Fig. 1. It is included the epiphytes found the places on the same species
(Fig. 1A) and different species (Fig. 1B) and the impact of epiphytic
bacteria on the seaweed (Fig. 1C and E).

3.2. Herbivorous fishes damaging the commercial Kappaphycus alvarezii
farming in India

In last few decades, the commercial seaweed farming of
Kappaphycus alvarezii has started in the coastal part of southern India.
Although several methods are available for Kappaphycus alvarezii cul-
tivation, bamboo raft method is most commonly used in India [66]
shallow water farming for its low initial capital investment (Fig. 2A). It
is constructed from locally available materials such as bamboos, ropes
and is efficient for multiple cultivation cycles. However, coral reefs,
warmer water, lack of shadow and lack of other food, such as seagrass
or non-crop seaweeds, attracts grazers, mostly fish, to the farming area.
Although the farmers use nets on the bottom of the rafts, these nets
protect the crop only from the large fish. Smaller herbivore fish
(Fig. 2B), such rabbitfish, are the main grazers in the cultivation area,
which are responsible for the heavy loss of crop (Fig. 2C). The finger-
lings of herbivore fish found in August–September after the breeding
season, graze in droves and easily pass through the net and graze the
crop (Fig. 2D).

3.3. Example of protection strategy and damages from herbivorous fishes in
offshore Ulva sp. cultivation in Israel

During one month of Ulva sp. cultivation in cages (Fig. 3A–C) with
no protection, the average DGR was negative at −2.5 ± 1.9%. Fig. 3D
[21] shows the digital images of Siganus rivulatus, species known to
include Ulva sp. in its diet in Eastern Mediterranean [67], found in the
cultivation cage. To avoid grazing by fish, the double net structure of
the cultivation cage was used (Fig. 3E, F). The addition of the protecting
net led to the DGR of 8.1 ± 6.1%.

3.4. Seaweed inoculation density used to protect from epiphytes in closed
indoor cultivation systems inside plastic photobioreactor

The method for reduction epiphytes growth by cultivation at high
densities of seaweed crop outdoors was proposed in 1979 [68]. In the
closed recirculated system tested in this work, low density of inoculums
(min11.5 g) with seaweed collected from the sea, the reactors were
contaminated with epiphytes (Fig. 4B). At these contaminated reactors,
we found another seaweed (Fig. 1D, F), nematodes (Fig. 1G), copepods
(Fig. 1H, I) and bacteria (Fig. 1J). Under these conditions, the culture
collapsed. The high density of inoculums (min179–264 g), (Fig. 4A) led
to the DGR of up to 15%; no significant epiphytes were detected in
those reactors.

This phenomenon could be explained by light umbrella theory [68],
as follows:

“a multi-layered seaweed community is guarded against epiphytes by
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Fig. 1. Epibiota associated with seaweed. Blue arrows - host seaweed. Red arrows - epibiotic organism. A. Host - Porphyra sp. from Taiwan, fromtank cultivation. Epiphyte - young
Porphyra of the same species, scale bar: 45 mm. B. Host - Spatoglossum salieri, from Rosh-Hanikra reef, Israel. Epiphyte - Porphyra linearis. Scale bar: 43 mm. C. Host - Ulva sp., tank
cultivation, destruction of thalli after a sharp warming. Epiphyte - bacterial destruction. Scale bar: 26 mm. D. Host - Ulva rigida from Haifa, Israel, grown in the offshore system in a net
cage. Epiphyte - Ulva compressa. Scale bar: 362.5 mm. E. Host - Porphyra linearis, Epiphyte - the bacterial destruction of thalli at the end of the cultivation season (due to water warming),
scale bar: 41 mm. F. Magnification of host and epiphyte same as in D, scale bar: 0.59 mm. G, H, I. Host - sameas in photo D. Epifauna - Nematode and Copepods. Scale bar: 0.62 mm,
0.22 mm and 71 μm respectively. J. Host - Ulva rigida. Epiphyte - Alteromonas sp. grown on agar petri dish, around of the cut Ulva sp. fragment. Scale bar: 40 μm. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

A B

C D

Fig. 2. The impact of grazers in the cultivation of Indian seawater. A. The bamboo raft used for the seaweed cultivation in which net is used in each raft for protection from grazing. B.
Fingerlings of herbivores fish can easily move through the net of the rafts. C. K. alvarezii seaweed after grazed by fingerlings. D. Herbivore fishes.
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A B 

E F

C D

Fig. 3. Ulva sp. cultivation at Tel Aviv, Israel. Grazers and protection systems. A. Offshore cultivation system for Ulva sp. cultivation. Three cages, designed with two layers of net. B·Ulva
sp. harvested from the seain the three cages. C. Special net design to prevent the crop runoff. D. Digital images of fish found in the cultivation riding cages. E. One cage included two nets
system, internal net pore sizes 15 mm x15mm, external net pore sizes 13 mm × 13 mm. The cage sizes: (40 cm× 20 cm, Ø = 18 cm). Addition of the external net provided to prevent the
biomass loss. Without the second net, the fish grazed the biomass. F. Illustration of the two net cages, one net is for seaweed runoff prevention, the second net is for protection from fish.

A B
Fig. 4. Seaweed crop protection from epiphytes
by inoculum density. A. Two 40 L reactors in-
clude non-contaminated seaweed. The left re-
actor was inoculated with 179.3 g (WW) of
Cladophora sp. Right reactor was inoculated with
264.77 g. (WW) of Ulva rigida. B. Two 40 L re-
actors with contaminated seaweed. The left re-
actor was inoculated with 11.5 g. of Cladophora
sp. Right reactor-was inoculated with 11.5 g.
(WW) of Ulva rigida. Scale bar for A and B:
95.2 cm and magnification in boxes showing
with scale bar 40.5 mm.
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high-density cultures, which act as a _light umbrella_. In natural popu-
lations, these plants are shielded from excess irradiance often by larger
algae, e.g., by the kelp canopy. The method of reducing the growth of
epiphytes by cultivation at high densities was first developed by Ryther
et al. (1979)” [68].

This literature background and field studies clearly show that there
is a need for the strategy to manage epiphytes and epifauna in the
seagriculture. In the following section, we propose a strategy for marine
pest management.

3.5. Proposed marine integrated pest management (MIPM) framework

3.5.1. The definition of ‘pests’
According to the International Plant Protection Convention (IPPC),

the term pest means ‘any species, strain or biotype of plant, animal, or
pathogenic agent, injurious to plants or plant products’ [69]. As sea-
griculture is mostly done in rural areas by low-income farmers, the
problem of pests in this industry is not widely addressed. According to
the IPPC definition, the pathogenic bacteria, fungal infection, epiphyte
types that penetrate into the tissues of host seaweed, seaweed grazers,
can be considered as a pest in seagriculture.

We suggest to define the term ‘pests’ in seagriculture as, ‘any species,
strain or biotype of plant, animal, or pathogenic agent, potentially
harmful or injurious directly or indirectly to cultivated seaweed or its
products’. Here the word ‘harmful’ refers to responsible for any adverse
impact on the growth rate, quality and quantity of seaweed crop, and
the word ‘injurious’ means any physical damage to seaweed plant,
which gets injured by the pests. The word ‘directly or indirectly’ re-
ferred, whether the seaweed is the target of certain pests directly or not.
In Fig. 5 we mapped the potential pests in seagriculture according to the
suggested definition.

The possible examples of pests in seagriculture are shown in
Table 1.

3.5.2. Framework for the risk assessment and risk management criteria
To address the problem of pest management in seagricultre, we

propose the following marine integrated pest management (MIPM). The
proposed framework is divided into six sections as shown in Fig. 6. The
continuous monitoring is expected at every stage of the proposed MIPM
cycle. The establishment of a knowledge base (Section 1) is the primary
task in the field of MIPM, followed by an inspection and risk assessment
primarily to the cultivation (Section 2), followed by prevention (Section
3), control (Section 4), intervention and mitigation (Section 5), eva-
luation and record keeping (Section 6).

3.5.2.1. Section 1 - knowledgebase. The establishment of a knowledge
base is a crucial task that includes the knowledge of the seaweed crop,
the seasonal production, favorable conditions, possible environmental
risks, and possible pests available in the cultivation area. It should also
include the information and knowledge about the natural enemies of
the pests, their availability and abundance, crop life cycle and lifespan,
all known risks to the cultivated crop, including the market and possible
environmental impacts due to the cultivation.

To establish a knowledge base, it is necessary to get the following
information for each cultivation site:

• The selection of suitable species. The species should be resistant to
the seasonal changes and known diseases.

• The life cycle of a specific crop, its genetic sequences, methods of
cultivation, possible association with other species, and general
practices those are in use to minimize the pests and possible dis-
eases.

Fig. 5. Categorization of pests in seagriculture. Red boxes show the types of epibiota, which can be responsible for the direct damage to seaweeds. These can be considered as pests as per
IPPC's definition. The yellow boxes show the possible pests after modification in the IPPC definition by adding the word ‘directly or indirectly’. Finally, the pink brackets show the possible
pests after the modification of the word ‘injurious’ to ‘potentially harmful or injurious’ in the IPPC definition of pest. Microbes type 1 - responsible for the adverse impacts on the growth of
seaweed by competition for light. Microbes type 2 - shows parasitism with seaweed and become responsible for harm to seaweed. Microbes type 3 – shows pathogenicity to seaweed and
can be responsible for injuries and diseases in seaweed. Fauna type 1 – shows no direct harmful mechanism such as surface grazing or biofouling or abundance in the seaweed ecosystem
and may responsible for the possible harm indirectly. Fauna type 2 – shows harsh grazing of epiphytes may be responsible for the indirect injuries to seaweed. Fauna type 3 - shows
grazing of epiphytes and seaweed crop both and responsible for direct injuries to the seaweed. Fauna type 4 - shows grazing of seaweed crop. The cross-section of host seaweed is showing
the level of epiphytes penetration in the tissues of the host plant. Epiphyte type 1 - attaches weakly to the surface of host plant but do not show any injury but can be harmful indirectly.
Epiphyte type 2 - attaches strongly to the surface of host and can be responsible for the indirect harms and injuries to the host plant. Epiphyte type 3 - bleaches the deck-lamella and
penetrating the outer layer of the host's cell wall, surely responsible for injuries to host indirectly. Epiphyte type 4 - penetrates deck-lamella and an outer layer of the host's cell wall with a
direct injury. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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• The current ecosystem in that area, dominant species of epiphytes
and grazers.

• The accepted level of pests, and their impacts on cultivation and
environment.

• Target and non-target species, their life cycles, dependency on each
other, possible links to diseases.

• Possibility of pests and disease forecasting techniques, the use of
non-chemical methods and management practices.

• Possible risk identification to crops from environmental factors and
from crops to the environment.

3.5.2.2. Section 2 - inspection and assessment
Inspection is the primary step of assessment of any new set up for

the cultivation of seaweed in which the possible pests risk should be
characterized by its potential and frequency. The basic level of this step
is to set the goals and find the management options to tackle the pest
problem. The general information required about the questions at this
stage is shown in the Supplementary Table 1. An inspecting team, a
monitoring team, and an assessment team should know the best en-
vironment required for seaweed, actual environment of the site and
suggest the required actions. Assessment of possible pest problem
should be characterized performed after the inspection. It should con-
sist of observed types, nature, availability, and distribution of pests. It
should also include the length of the crops exposure to pests, crop doze
response to the pest and end-point effect. The success of this step de-
pends on the availability of data, resources invested to complete the
assessment, and accuracy of the risk analysis.

3.5.2.3. Section 3 - prevention. Importantly, the successful removal or
reduction of epiphytes during nursery stage can prevent further growth
and large-scale infection at the cultivation site. It is found that the in
case of lacking fresh seawater and ammonium sources, in tank culture
of Gracilaria conferta, the epiphytic biomass decreases [79].

The selection of cultivation sites, suitable seaweed species, in-
specting and monitoring seawater quality, and seasonal changes can
prevent pests. Cleaning and removal of debris from the bottom of cul-
tivation site mechanically can limit the number and diversity of epi-
phytic species. The use of healthy seedling for the cultivation and their
maintenance in clean tanks can reduce the epiphytic outbreaks [13].

Crop rotation, fallow, availability of a trap crop, intermediate crop
are all the possible strategies generally used in IPM of terrestrial agri-
culture that can be effective in seagriculture to reduce pests without
harm to the ecosystem. The trap crops are the plants which are culti-
vated with the main crops to attract the pests toward them from the
main crop [80]. For example, in terrestrial agriculture, marigold or
cucumber is cultivated as a trap crop in the tomato farming [81]. Al-
though dense cultivation of seaweed can minimize the risk of epiphytes,
it can create a shadow to the large areas of the sea and adverse en-
vironmental impacts. However, a contradictory effect is very relevant in
large-scale cultivation, while dense cultivation can higher the risk of a
disease outbreak [26]. In a dens cultivation, the disease could spread
faster. Also, the common practice of using ropes on the surface of
seawater to which the seaweed is attached is favorable for epiphytes to
grow and for many animals to move freely in the cultivation area.

3.5.2.4. Section 4 - control. There is a lack of commercially available
pesticides that can be used in the seaweed cultivation, particularly near
shore or offshore environment [82]. Although multiple environmental
limitations must be taken into consideration, some chemicals such as
copper in low level can be applied for the onshore cultivation or nursery
level [83] for control of certain epiphytes [82].

Pest control in early colony forming stage at the nursery is the most
important control step, as without it contamination can be propagated
to the large-scale. Indeed, nurseries can serve as the collection units or
species banks. For example, pollution prevention is suggested for
polyphonic epiphytes and bacterial infections to Kappaphycus sp.Ta
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cultivation [84].
Cultivation method also impacts the quality of seaweed product and

increases its growth rate, limiting the potential damage from pests. For
example, vegetative fragmentation and tissue culture methods were
compared [85] for growth rate and quality of agar of Gelidiella. In the
cultivation of Gracilaria, it is found that the cultivation period [86] and
spore culture method [87] are most important factors to control its
epiphytes.

Mechanical control is simple but is labor intensive that is effective to
control large pests. There are few reports related to mechanical control
of pests in seagriculture in tanks such as intensive water filtration and
multiple water exchange [83]. Nutrient control, for example, nitrogen
limitation [79], is another strategy to prevent pests but it also found
that the one of the dominant grazers ‘Gammarus’ shows higher grazing
on epiphytes of Ulva sp. under the high nutrient condition [78]. In
addition, avoiding farming at the dominant grazer breeding season can
prevent large-scale damages to the seaweed crops.

3.5.2.5. Section 5 - intervention and mitigation. The overall objective of
intervention and mitigation step is to nullify 1) the impacts of seaweed
farming on the environment and 2) pest impact on seaweed. This could
be achieved by a development of supporting ecosystem services. This
step should provide the knowledge for better management,
conservation, and rehabilitation of the ecosystem, with mitigating the
resource degradation. For example, the dominant epiphytes can be
managed with amphipods and grazers, which feed on them [64]. In an
additional example, the development of associated bacteria with
symbiotic relation with seaweed could enable better growth and

development [47]. The use of such bacteria in the nursery level of
seaweed can improve the quality of the crop.

The collaboration with local fishermen and fishing agencies will be
helpful to get the knowledge if any initial outbreaks of epiphytes. This
can encourage the monitoring team and save the further loss in yield.

There should be a special arrangement for monitoring the weather
forecast to mitigate possible damage due to any sudden environmental
risk such as hurricane, cyclone, high-tide, hailstorm etc.

3.5.2.6. Section 6 - evaluation and record keeping. The review of all steps
followed in the risk management is the primary step of evaluation and
record keeping. The evaluation process should include the success and
failure of each step of MIPM and all management practices to tackle the
pest problem with definite objectives. For example, while evaluating
the term of ‘site selection’ for cultivation in ‘pre-cultivation practices’,
the success and failure of the selected site should be discussed with the
objective of establishing the ‘criteria for the site selection’.

There are few possibilities to convert the records after evaluation
into the knowledge base.

• Establishment of discussion forum to share the research updates and
latest knowledge in this area by the researchers, research institutes,
governmental bodies working in this area.

• Establishment of network or website to share the ideas, views,
suggestions, prevention-control and mitigation measures into all
farmers and all people that are related to this field. We are here
suggesting developing webpages on social media devoted to this
work can be utilized as a platform to share the knowledge in this

Fig. 6. Marine integrated pest management
(MIPM) framework for the seagriculture.
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area. The sharing of records will get information about the behavior
of a specific type of pest in specific seaweed cultivation in specific
season and environmental conditions.

• The industries that use seaweeds as a raw material can take efforts in
the implementation of MIPM by creating awareness in the farmers
through regular visits, seminars, and workshops. This can promote
the sustainability, consistency, quality, and quantity of the raw
material.

• Establishment of large-scale cultivation facilities, including the
seedlings preparation in a large case, development of seaweed
breeding program, seaweed genebank can be useful techniques in
case of failure.

4. Conclusions

Although the annual production of seaweed biomass doubled in the
last decade, very little attention has been paid to the pest management
issues of seagriculture. Because of the fragility of the marine environ-
ment, it is almost impossible to use pest control chemical methods as
done today in commercial agriculture. Besides few separate studies,
there has been no attempt to provide a universal framework for pest
management in seagcriculture. To address this problem, in this work,
we proposed the expansion of the IPM approach to the marine en-
vironment - the framework we coin MIPM. MIPM provides a framework
to increase seaweed crops yields with reduced environmental impact.
Therefore, MIPM framework could provide a tool for seaweed farmers,
industry and policy-makers for sustainable seagriculture in the coming
years.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2017.11.010.
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