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1  |  INTRODUCTION

Aquaculture is the fastest growing marine sector globally, and it 
promises to contribute significantly to future food and energy se-
curity.1 Algae, including seaweeds (macroalgae), form >20% of total 

aquaculture production biomass, and algal cultivation is growing 
rapidly compared with other farmed species (approximately 8% yr−1) 
following the growth and diversification in global markets for algal or 
macroalgal products.1–4 Beyond the direct commercial value of mac-
roalgal products, the responsible expansion of macroalgal cultivation 

Received: 16 September 2021  | Revised: 7 February 2022  | Accepted: 9 February 2022

DOI: 10.1111/raq.12669  

R E V I EW

Quantifying habitat provisioning at macroalgal cultivation sites

Sophie Corrigan1  |   Andrew Ross Brown1  |   Ian G. C. Ashton2  |   Dan A. Smale3  |   
Charles R. Tyler1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2022 The Authors. Reviews in Aquaculture published by John Wiley & Sons Australia, Ltd.

1College of Life and Environmental 
Sciences, University of Exeter, Exeter, UK
2College of Engineering, Mathematics and 
Physical Sciences, University of Exeter, 
Exeter, UK
3The Laboratory, Marine Biological 
Association of the United Kingdom, 
Plymouth, UK

Correspondence
Sophie Corrigan and Charles R. Tyler, 
College of Life and Environmental 
Sciences, University of Exeter, Geoffrey 
Pope Building, Stocker Road, Exeter, 
Devon, EX4 4QD, UK.
Emails: sc718@exeter.ac.uk; c.r.tyler@
exeter.ac.uk

Funding information
Research Councils UK; Centre for 
Environment, Fisheries and Aquaculture 
Science; University of Exeter; Marine 
Biological Association; UK Research and 
Innovation, Grant/Award Number: MR/
S032827/1; The Worshipful Company of 
Fishmongers, Fishmongers Charity Trust

Abstract
Macroalgal cultivation is expanding rapidly, and promises to contribute significantly 
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and habitat provisioning for a range of associated organisms globally. Habitat pro-
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ardised and robust methods for quantifying habitat provisioning that will enable as-
sessment and monitoring of macroalgal cultivation sites of varying scales and within 
different regions and environmental settings. Increased evidence for the potential 
habitat value of macroalgal cultivation sites will help inform and shape marine legisla-
tion, licencing and certification for macroalgal farmers and potentially reduce marine 
user conflicts, helping the industry to continue to grow sustainably using EAA.
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could provide environmental benefits, which have been detailed 
alongside potential negative impacts in several recent reviews5–13 
(summarised in Figure 1). Many of these environmental effects re-
late to key ecosystem services (ESs) including climate regulation, 
storm protection, biogeochemical cycling and provisioning of food 
and habitat, or refugia to support secondary production for wild 
capture fisheries6,14–17 (Figure  1). The proposed ESs enhanced by 

macroalgal cultivation would support several UN sustainable devel-
opment goals including: contributing to global health and well-being; 
providing economic growth and resilience in coastal communities; 
enabling responsible consumption and production; facilitating cli-
mate action and benefiting marine ecosystems.18

Habitat provisioning is a hugely important ecological process 
that underpins biodiversity, ecosystem structure and function, and 

F IGURE  1 Summary of the proposed environmental impacts (pale blue) and potential effects on ecosystem services of a tropical 
‘off-bottom’ macroalgal cultivation site (above) and a temperate ‘suspended’ macroalgal cultivation site (below) as derived from recent 
reviews.5–13 Potential effects on ecosystem services detailed as positive (green (+)), negative (red (−)) and neutral or undetermined (blue (?)) 
and with habitat provisioning highlighted (dark teal). Some effects linked to habitat provisioning are indicated with an asterisk (*) to aid with 
clarity. Graphics are from the Integration and Application Network, University of Maryland Centre for Environmental Science (http://ian.umces.
edu/image​libra​ry/) and BioRender (Biorender.com)

http://ian.umces.edu/imagelibrary/
http://ian.umces.edu/imagelibrary/
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supports many ESs such as food provisioning, water quality, mainte-
nance of pest and disease control and recreation and ecotourism.19 
Habitat provisioning is included differently under prominent ES clas-
sification systems, and they are (1) maintaining habitats and nurs-
ery populations20; (2) refugia, or nursery and migration habitat21; 
(3) habitat heterogeneity22; and (4) life cycle maintenance – nursery 
service.23,24 This broad range of terminology makes defining and 
quantifying the value of habitat provisioning difficult, with vague 
metrics in place to do so.25 Furthermore, as shown in Figure 1, there 
may be complex interactions between species, which are difficult 
to separate and monitor. In the broadest sense, habitat provisioning 
will vary based on abiotic conditions, farm location or farm type. For 
example, an offshore kelp farm in Europe will provide a very dif-
ferent potential habitat to a shallow-bottom eucheumatoid farm in 
Southeast Asia. All macroalgal cultivation sites, however, present 
their own challenges for monitoring habitat provisioning, which has 
until now limited their study.17

Quantifying the habitat provided by macroalgal cultivation has 
received little attention, and therefore, no economic or ecological 
valuations of this potential benefit have yet been made.16,17,25 In a 
recent review evaluating the available literature on the habitat value 
of bivalve and macroalgae cultivation of the 65  studies identified, 
only eight of these included macroalgal cultivation sites.17 This re-
view also only included the habitat value of aquaculture sites for 
wild macroinvertebrate and fish populations because of a lack of 
information on how macroalgae cultivation affects other species17 
(e.g. microorganisms, marine mammals or seabirds etc.). Macroalgal 
cultivation can, however, provide habitat for a diverse array of fauna 
and flora, similar to that of wild macroalgal populations,26 through 
the provision of novel suspended and benthic three-dimensional 
substrates, food and enhanced reproduction and recruitment oppor-
tunities.5,7,13,17 This in turn could potentially support secondary food 
production with spill-over benefits for fisheries.16,17 It is unclear, 
however, how effective temporary habitats of seasonal macroalgal 
cultivation sites would be at maintaining biodiversity after harvests 
and the removal of macroalgal biomass. It is also unclear whether 
sites will simply aggregate wild populations instead of enhancing 
overall population size, production and viability through reproduc-
tion and juvenile recruitment.5,7,16,17 Further issues relate to which 
species macroalgal farms will support, and whether these will differ 
from surrounding areas, thus potentially altering ecosystem dynam-
ics or introducing invasive species.27 Better monitoring of species 
at macroalgal cultivation sites is therefore needed to address these 
concerns and determine whether this form of aquaculture supports 
habitat provisioning while quantifying what its ecological (and eco-
nomic) value may be.

Increased recognition and valuation of the habitat provisioned by 
macroalgal cultivation would enable better farm design and manage-
ment to optimise potential environmental benefits, mitigate potential 
negative impacts and contribute towards sustainable development 
and an ecosystem approach to aquaculture (EAA).8,16,25,28 EAA aims 
to design and integrate aquaculture within ecosystems to promote 
sustainable development, equity and ecosystem resilience while 

minimising any potential negative impacts.29,30 In macroalgal culti-
vation, EAA may guide policy, financing and certification schemes 
towards promoting increased sustainable practices in mariculture 
development.11 Accordingly, there is the potential for macroalgal 
aquaculture to lead the way as an example of sustainable EAA; how-
ever, more quantitative evidence on a wider range of the potential 
environmental benefits is needed, including habitat provisioning.25

This review aims to: (1) summarise evidence relating to how mac-
roalgal cultivation could provision habitat for species spanning from 
microorganisms to megafauna, and (2) generate recommendations 
for standardised monitoring of habitat provisioning in and around 
macroalgal cultivation sites for these species. In turn, this could sup-
port the development and optimisation of practices for EAA, which 
will enable the ecological and economic value of macroalgal aqua-
culture to be assessed more holistically and help to inform its leg-
islation and regulation in future. Where information on macroalgal 
cultivation is lacking, we draw upon some relevant studies from wild 
macroalgae populations and shellfish/finfish aquaculture to help 
guide in developing universal standardised monitoring techniques. 
Adopting this approach, we also hope to seek ways of standardising 
the monitoring of habitat provisioning between aquaculture species, 
which will be particularly useful given the increasing implementation 
of integrated multitrophic aquaculture (IMTA) systems.

2  |  POTENTIAL HABITAT PROVISIONING 
OF MACROALGAL CULTIVATION 
FOR DIFFERENT TAXONOMIC AND 
FUNCTIONAL GROUPS AND METHODS 
ENABLING ITS QUANTIFICATION

As Figure 1 illustrates, complex interactions exist in macroalgal culti-
vation sites between species and between species and the environ-
ment, which will differ depending on farm scale, location and type 
(discussed further in Section 3). These complexities are more explic-
itly detailed in other recent reviews (e.g. Refs. 10,17), and in this sec-
tion, we outline some of the ways macroalgal cultivation may affect 
different taxonomic and functional groups based on previous stud-
ies, why they are important to quantify and challenges relating to 
monitoring. We have grouped organisms based on their taxonomic 
and functional groups, how they inhabit or interact with macroalgal 
cultivation sites, and their monitoring requirements.

2.1  | Microorganisms (Bacteria, viruses, archaea, 
fungi, oomycetes and protists)

Bacteria, viruses, archaea, fungi, oomycetes (fungus-like eukary-
otic water moulds) and protists are often overlooked in habitat 
evaluations and biodiversity assessments in aquaculture, despite 
their importance in maintaining ecosystem health and functioning 
through nutrient and carbon cycling, decomposing organic matter 
and helping prevent diseases or harmful algal blooms (HABs).31–35 
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Macroalgae host diverse associations of microorganisms that fa-
cilitate the health and function of the host plants, such as morpho-
logical development, disease protection and antifouling properties 
from epibionts36–38 (see Section 4). As such, macroalgae and their 
microbiomes should be considered as synergistic ecological units 
or holobionts.36,38 Additionally, the microorganisms associated with 
macroalgae are often sources of novel compounds that have indus-
trial applications, for example, bacteria hosted on Eucheuma spe-
cies produce enzymes that could be used in biofuel production.39 
However, changes in the microbiome structure and bacterial infec-
tions may also contribute to several diseases (summarised in Ref. 
40), including ice–ice rotting syndrome, which has been known to 
decimate entire Kappaphycus and Eucheuma seaweed farms, causing 
significant economic losses.34,41–47 Oomycete pathogens can also be 
responsible for extensive damage, as seen in Korean Pyropia sea-
weed farms,48 and are more diverse and geographically widespread 
than currently acknowledged, posing threats to macroalgal cultiva-
tion in Asia and Europe.49,50 The presence of harmful microorgan-
isms and diseases at macroalgal cultivation sites also pose the risks 
of spreading to neighbouring wild macroalgal populations, with the 
potential to cause substantial ecological damage.51 A greater under-
standing of the microbiome of macroalgal cultivation is therefore 
needed to determine both its ecological value in macroalgal cultiva-
tion,8 and understand how the macroalgal microbiome is regulated 
by other associated biodiversity present at cultivation sites, which 
may mitigate disease outbreaks.35,52 Macroalgal cultivation sites 
may also potentially affect microorganisms in the water column and 
benthic sediments, through production of soluble dissolved and 
particulate organic matter,53 deposition of detritus and the poten-
tial attraction of waste-producing species such as fish (Figure  1). 
Microorganisms in the surrounding environment, however, are un-
likely to be affected to the extent seen in other aquaculture spe-
cies, particularly fishfarms,54 as waste production is comparatively 
low (although less is known about the amounts produced at larger 
offshore sites). Determining interactions between macroalgal cul-
tivation sites and microbial communities in the water column and 
benthos will be an important step in future research, given that mi-
croorganisms can act as powerful indicators monitoring ecosystem 
health.54 Relatively little research has been conducted so far to in-
vestigate this.

Microorganisms can be quantified either from the surface of 
the macroalgae or from water or sediment samples in macroalgal 
cultivation sites, which can host distinct microbiomes from one 
another.34 The diversity and community composition of microor-
ganisms, such as fungi, can vary between tissue types (e.g. stipe, 
holdfasts and blades) of the same macroalgae,55 so multiple sam-
ples from individuals should be collected to accurately capture their 
microbial diversity. Various methods can be used for microorganism 
quantification (Table 1), including microscopy, cell counts and RNA 
or DNA sequencing methods.35,38,54,56 The main constraints for 
quantifying macroalgal farm microbiomes, however, are generally 
a lack of knowledge of the microbial ecology of these systems and 

because currently many are not culturable by common microbial 
methods34,35,41,45,46; however, the advancement of molecular meth-
ods may help to mitigate these issues38,55 (Table  1). Additionally, 
eukaryotic microorganisms, including protists, are especially un-
derstudied within the seaweed holobiont, so particular focus needs 
to be more directed on determining their importance. If sampling 
effort of microorganisms in wild and cultivated macroalgal pop-
ulations was increased, reference libraries should be compiled to 
make detecting and quantifying their abundance easier in future. 
It should also be recognised that better understanding of the dy-
namics and plasticity of these microbial communities is needed, 
as there will be similarities in their ecological and functional roles 
within ecosystems.

2.2  |  Plankton (pico to macro)

Plankton provide important primary food sources in marine food 
webs, and regulate nutrient, carbon and oxygen cycles in the 
oceans. Therefore, plankton abundance and diversity are impor-
tant measures of ecosystem productivity and health. Macroalgal 
cultivation sites may provide zooplankton with shelter and food57; 
however, plankton may also negatively affect cultivated macroal-
gae. For example, ‘diatom felt’ caused by settling diatoms has 
been shown to result in algal bleaching and significant economic 
losses for farmers in Pyropia farms in Korea.48 Macroalgal cultiva-
tion sites may also benefit overall ecosystem health by mitigating 
eutrophication and harmful algal blooms (HABs) through improv-
ing water quality, stabilising the water column and assimilating 
excess nutrients48,58–60 (Figure  1). The installation of macroalgal 
farms in China has been observed to alleviate eutrophication and 
ocean acidification, reduce turbidity and subsequently enhance 
phytoplankton diversity and biomass.61,62 As primary producers, 
however, macroalgae and phytoplankton may compete for light 
and nutrients,63–65 particularly at large-scale cultivation sites 
(>50 lines × 200 m)7 or those with high macroalgal biomass den-
sity, like that in Sanggou Bay, China.66–68 This competition in turn 
may reduce food availability for wild fish or shellfish populations 
and affect fisheries or shellfish production.69–71 Small- to medium-
scale (0–50  lines  ×  200  m)7macroalgal farms, however, are un-
likely to have major impacts on phytoplankton assemblages as 
phytoplankton in most cases will likely pass through the site with 
current flow.7,16 Farms should be sited in suitable locations with 
sufficient nutrient concentrations and tidal mixing, and therefore 
with adequate environmental carrying capacity (the maximum bio-
mass of a farmed species that can be supported without exceed-
ing the maximum acceptable impacts to the farmed stock and its 
environment)72,73 (see Section 3.5). Indeed, no significant changes 
in plankton were predicted or detected in models of hydrodynamic 
and biogeochemical processes in United Kingdom and Dutch 
small- or large-scale macroalgal farms.71,74 Thus, the effects of 
macroalgal cultivation on plankton assemblages are site-specific 
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and depend on available nutrient concentrations and the scale of 
cultivation. Differences between model predictions also indicate 
that further research and ground truthing via in situ data collec-
tion are required.

Quantifying plankton assemblages associated with macroalgal 
cultivation is still in its infancy.7 Standardised in situ monitoring 
methods commonly deployed in shellfish and finfish farms could, 
however, be applied and adapted to better monitor plankton within 
macroalgal farms75 (Table 1). This will help to generate more accu-
rate models to quantify habitat value of macroalgal cultivation for 
plankton assemblages and how it may contribute to other ESs re-
lated to HAB mitigation and bioremediation. Better determination 
of plankton assemblages in macroalgal cultivation sites will also be 
useful to detect early larval stages of species that may settle on the 
macroalgae, such as some epibionts76 (see Section 2.3).

2.3  |  Epibionts

Epibionts, or biofouling species that colonise available surfaces 
in marine ecosystems, are some of the most studied organisms in 
aquaculture due to their detrimental impacts on crop production, 
through reducing crop quality and yield.77–79 Macroalgal epibionts 
such as endophytic or epiphytic algae, bryozoans, amphipods and 
hydroids may consume or degrade biomass, inhibit photosynthesis 
and algal growth, encourage grazers, increase disease susceptibil-
ity, contaminate commercial products by introducing allergen or 
toxin risks and damage farm infrastructure, thereby costing the 
aquaculture industry US$1.5–3  billion  yr−1.12,40,76,79–88 Farming 
infrastructure may also facilitate the settlement and spread of in-
vasive non-native epibionts, by offering space for colonisation and 
reduced biotic resistance.11,89

Nevertheless, for farms that intend to provide non-consumable 
products, for example, farms that offer the ES of bioremediation 
(e.g. Ref. 58) or carbon sequestration (e.g. Ref. 90), epibiont coloni-
sation may instead enhance their ES value. Colonising species such 
as bryozoans, bivalves, sponges, tunicates and other algae may im-
prove water quality and host-plant health through biofiltration and 
nutrient addition,91 in turn benefitting shellfish growth,92 enhancing 
primary production,93,94 providing protection from predation,95,96 
encouraging settlement of commercially farmed shellfish97,98 and 
mitigating for disease risk.99 Epibionts also provide food sources for 
higher trophic level species, increasing the habitat value of a cultiva-
tion site and secondary production78; however, grazing interactions 
on epibionts are not currently well understood.

Various studies have found similar or higher levels of epibiont 
biodiversity associated with cultivated kelps compared to wild pop-
ulations, which suggests that suspended macroalgal farms could 
provide novel habitat for epibionts.100,101 Epibiont assemblages 
vary widely however between cultivation sites, dependent on lat-
itude, temperature and exposure.102–104 Therefore, established, 
standardised methods are needed to quantify epibionts effectively 
at different sites. More targeted assessments are also needed to 

quantify environmentally beneficial epibionts as well as detrimental 
species to crop production, which have been the focus of studies to 
date. A better understanding of how epibionts may affect or interact 
with the environment will also enable a more ecosystem directed 
view for future development of EAA.

Census techniques for quantifying epibionts are relatively 
straightforward compared to other farm-associated biodiversity 
(Table 1), as most species are slow moving or sessile so they can be 
identified and enumerated directly from macroalgal biomass sam-
ples.76,77,86,105,106 Previous studies assessing epibiont diversity on 
macroalgal farms have generally focussed on either the holdfast (e.g. 
Ref. 105) or the blade (e.g. Refs 100–104) separately however, rather 
than as one sampling unit. Quantifying the total epibiont assemblage 
is required if the potential habitat value of macroalgal cultivation is 
to be fully evaluated.

2.4  |  Benthos

Benthic or seabed communities are comprised of many bioindica-
tor species that signal environmental health and ecosystem func-
tioning, and thus, benthic habitat monitoring is a crucial part of 
environmental impact assessments supporting aquaculture licence 
applications.107 Nevertheless, limited research has been conducted 
to assess the ecological status below macroalgal cultivation sites 
compared to the aquaculture of finfish and shellfish.16,17 Macroalgal 
cultivation could affect benthic community structure through 
shading; changes to hydrodynamic flow; increased sedimentation, 
organic enrichment, microbial activity and smothering from farm 
detritus breaking off; and competition with other important neigh-
bouring benthic habitats such as wild kelp forests, seagrass beds 
or coral reefs (Figure 1, as reviewed in Refs. 5–8,10,12,13). Faeces 
and pseudofaeces produced by epibionts or mobile organisms as-
sociated with macroalgae may also cause benthic impacts that are 
similar to, although less pronounced than, other aquaculture farm 
types.88,100,105 Farmers and policy makers can help to mitigate nega-
tive impacts on benthos by ensuring macroalgal cultivation sites are 
deployed at appropriate depths (e.g. Ref. 108). Recent guidelines 
advising on minimum water depths recommend that farms should 
be at locations where the water depth is at least twice the depth of 
the cultivation infrastructure and placed in areas where the mini-
mum water flow rates are >0.05 m s−1.109,110 Compared to longline 
systems that can be deployed offshore,111 there is often little if 
any flexibility for cultivation depth for tropical off-bottom farming 
sites.9 Clearly, a better understanding of benthic interactions will 
help inform appropriate siting of farms in suitable environmental 
conditions to help mitigate for any potential negative effects on the 
benthos.

Ecosystem models of intensive kelp cultivation scenarios have 
indicated minimal effects on benthic food webs, or the potential to 
alter them through the provision of habitat, food and detritus.112 
Effects on benthic species vary between macroalgal cultivation 
sites globally. In tropical waters, where shallow, bottom-growing 
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macroalgal cultivation techniques are favoured, significant changes 
to neighbouring benthic habitats such as corals and seagrass beds 
and their associated assemblages are often reported (as reviewed in 
Ref. 10). In temperate waters, where suspended macroalgal cultiva-
tion is favoured, benthic impacts tend to be less severe or even neg-
ligible (e.g. Refs. 100,101); however, this will depend on water flow 
rates through the cultivation area and light penetration in the water 
column. In Sandu Bay, China, however, sedimentary acid volatile 
sulphide content (linked to lower benthic biodiversity) was greater 
below kelp cultivation lines than at control sites.113 This emphasises 
that effects on the benthos need to be evaluated on a site-specific 
basis, as they will be highly dependent on local environmental con-
ditions and farm type.

Key indicators of benthic habitat health include sediment bio-
geochemistry (e.g. particle size, nutrient, heavy metal, oxygen-
reduction-potential, carbon and organic matter content) and 
the biodiversity, composition and abundance of benthic infauna 
and epifauna. Infauna relates to organisms living in the sediment, 
whereas epifauna relates to organisms living on the seabed. Here, 
we consider benthic infauna and epifauna as two separate faunal 
categories, due to the different census techniques required to study 
them. We focus on both meiofauna (45 µm to 1 mm) and macrofauna 
(>1 mm) due to their important ecological roles and similar quantifi-
cation methods.114,115

2.4.1  |  Benthic infauna

Benthic infauna are comprised primarily of detritivores, grazers 
and filter feeders, such as polychaetes, flatworms, gastropods 
and bivalves, that all play key roles in recycling nutrients, filtering 
water and providing prey to epibenthic species.114,116 The diver-
sity and abundance of infaunal assemblages are used as bioindi-
cators of contamination, eutrophication and hypoxia, due to the 
varying tolerances of species in the community.116,117 It is there-
fore important to assess how macroalgal farms influence infaunal 
assemblage structure and function, to monitor the health of the 
cultivation site and of the wider habitat. Previous studies in off-
bottom seaweed farms in Tanzania have found reduced infaunal 
biomass118 or that the infaunal assemblages more closely resem-
ble unvegetated areas rather than seagrass beds.119 In contrast, 
at a Swedish longline farm, increases in infaunal species diversity 
and abundance have been found, indicating a positive effect of 
the farm on benthic health.101 The marked differences in farming 
systems and environmental conditions between these locations 
(discussed further in Section  3.1) highlights how the effects of 
macroalgal cultivation on benthic infauna need to be evaluated in 
more detail. Sampling benthic infauna generally involves taking a 
sediment grab or core of the seabed and determining its associ-
ated fauna and biogeochemical properties100,101,120,121 (Table  1). 
Benthic survey designs and approaches to the subsequent analy-
sis of infaunal communities can vary greatly, however (Table  1). 
Standardised monitoring protocols, methods and analyses to 

quantify impacts from aquaculture on benthic infauna may help to 
regulate benthic monitoring between aquaculture types and loca-
tions in future.

2.4.2  |  Benthic epifauna

Benthic epifauna includes macroinvertebrates (>1  mm), such as 
echinoderms (e.g. sea stars, urchins and sea cucumbers), crusta-
ceans (e.g. lobsters and crabs) and benthic fish species (e.g. flatfish), 
many of which are of commercial or ecological importance. Wild kelp 
populations contribute on average US$48,600 to $141,000 ha−1 yr−1 
to capture fisheries across the four major kelp genera globally, with 
nine of the top 10 valuable species being benthic invertebrates such 
as lobsters, abalone, urchins and gastropods.122 Macroalgal cultiva-
tion may provide similar habitat value to epibenthic species via in-
creased food availability from farm-derived nutrients and detritus 
(including epibiont cast-off) and the creation of a more heterogene-
ous habitat (via detritus accumulation or farm infrastructure such 
as mooring systems).8,17,123–125 At a small temperate kelp farm in 
Sweden however, no effect on benthic macrofauna was reported,101 
whereas in Tanzania, lower abundances of macrofaunal or increases 
in sea urchin species, that could threaten to graze on the cultivated 
seaweed, were found.118 Differing effects on epifauna reflect the di-
verse nature of macroalgal cultivation sites worldwide and highlights 
the need to increase monitoring across different systems.

Epifaunal assemblages may be more challenging to accurately 
quantify than infauna, as epifauna tend to be more mobile, patchily 
distributed and can also be cryptic.126 Monitoring mobile epibenthic 
macrofauna (>1  mm) may however use similar methods to those 
used to quantify pelagic fish species (Section 2.5) or marine mam-
mals, seabirds and reptiles (Section 2.6) and these have been sum-
marised and reviewed in Table 1.

2.5  |  Finfish

Finfish species include commercially important species for fisheries 
or for supporting wider food webs. Macroalgal cultivation sites could 
provide novel habitat for fish species by offering spawning substrate, 
shelter and food in the form of farm biomass or epibionts, similar 
to wild macroalgal populations (reviewed in Refs 10,17,127,128) 
(Figure  1). Potential benefits to fish species will however depend 
on farms being sited appropriately, to not replace natural nursery 
habitats such as seagrass beds, and the habitat complexity cre-
ated by cultivation sites compared to what was in the area previ-
ously.10,127,129 Mariculture infrastructure may also restrict fishing 
activities in an area, indirectly benefitting fish populations,130 with 
potential spill-over benefits for fisheries.16 Conversely, however, if 
macroalgal cultivation sites are poorly managed and regulated, they 
may act as ‘ecological traps’ whereby fish are attracted to farm infra-
structure and become more vulnerable to capture from unregulated 
fisheries or natural predators, such as seals.10,11,17,131 It is also unclear 
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whether macroalgal farms enhance juvenile recruitment or simply 
aggregate existing adult fish populations.16 The increased availability 
of macroalgae and novel epibiont prey on cultivated macroalgae may 
also alter fish assemblage composition. Illustrating this, increased 
herbivorous fish biomass was reported in farms in Tanzania com-
pared to neighbouring seagrass beds.129 Increases in herbivorous 
fish may be detrimental to farm yields, or conversely beneficial to 
fisheries in the area129,132; however, it is unclear as to how changes 
in fish assemblage composition will affect wider ecosystem function. 
Indeed, fish assemblages in Eucheuma farms in the Philippines were 
found to be significantly different to those in neighbouring marine 
protected areas and coral reefs, with more invertivores and fewer 
large herbivorous fish found in farms and greater biomass and di-
versity found in neighbouring coral reefs.133 Conversely, multispe-
cies macroalgal farms in Costa Rica attracted a larger number of fish 
species compared to control sites.78 This highlights that the effects 
of macroalgal cultivation on fish populations can be highly variable 
between sites132 and demonstrates the importance of establishing 
comparative reference sites in survey design (discussed further in 
Section 3.2).

Finfish species are generally highly mobile and can vary signifi-
cantly in relation to timing of fish reproductive cycles, which makes 
accurately surveying their populations challenging. For example, 
at an Irish seaweed farm, juvenile mackerel and pollack that were 
found to be abundant in summer months were absent by September, 
whereas wrasse, which are more associated with the benthos, re-
mained abundant below the site across the whole study period.134 
Inshore fish assemblages are also highly influenced by tides, with 
greater abundances observed during high tides.135,136 Timing of 
seaweed harvesting is also important for monitoring finfish popu-
lations. For example, in wild kelp beds in Norway, juvenile gadoids 
were 92% less abundant in harvested areas compared to unhar-
vested areas and remained 85% lower in areas one year after har-
vest.137 Therefore, standardised medium- to long-term monitoring at 
multiple spatial scales is required to reliably assess the habitat value 
of macroalgal cultivation on fish populations and to inform better 
operational management practices and farm design. Various meth-
ods (Table 1) have been used to census fish in macroalgal cultivation 
sites, many of which are similar to those discussed in epibenthic sur-
veys (Section 5.2). Models of macroalgal cultivation impacts on fish 
species may aid understanding of ecosystem-wide implications, but 
should be combined with long-term in situ studies to ground-truth 
model outputs.128

2.6  | Marine mammals, reptiles and seabirds

Marine mammals, reptiles and seabirds include many species of high 
conservation importance, so understanding how to manage marine 
industries to maximise environmental protection and minimise dis-
turbance for these groups is hugely important.138 These species also 
play major ecological roles138 and are of particular value to marine 

industries such as tourism due to their charismatic value.139 Here we 
have grouped these species as they will likely interact with macroal-
gal cultivation sites in similar ways as they share many life-history 
traits, and will also require similar surveying techniques to monitor 
(Table 1).

Potential increases in prey species of fish and macro-
invertebrates in macroalgal farms could provide foraging grounds 
for mammals such as seals and dolphins, reptiles such as turtles, and 
seabirds, which are frequently observed around finfish and shellfish 
aquaculture sites (e.g. Refs. 140–146). Farm infrastructure, however, 
may interfere with the ability for mammals such as dolphins to aggre-
gate fish prey and therefore affect their behaviour and habitat use 
(as discussed in Ref. 128). Macroalgal cultivation sites may also dis-
place other mammals, reptiles and seabirds due to farm construction 
and operation activities (e.g. as seen in shellfish aquaculture147–149), 
which could lead to malnutrition if animals are displaced from their 
foraging grounds.10 Minimal risks to cultivated macroalgae are per-
ceived from vertebrate predators (unlike other aquaculture species), 
and they may instead help to maintain trophic balance and control 
grazing species as seen in wild populations.150 Herbivorous species 
such as green turtles (Chelonia mydas, Linnaeus, 1758), however, 
have been found to consume some cultivated macroalgae,151 which 
may attract them to cultivation sites, causing conflicts between 
turtles and farmers or increasing entanglement risk.10,152,153 Other 
species are also susceptible to entanglement risk with farming infra-
structure, as seen with stationary fishing gear154,155; or some mussel 
lines.156,157 Lethal entanglement of critically endangered dugongs 
(Dugong dugon, Lacépède, 1799) has been reported in cultivation 
sites in the Philippines.158 Entanglement risk is generally well un-
derstood however, and can be mitigated by increasing line thickness 
and tautness and avoiding placement in areas of known importance, 
such as migratory corridors.7,156 Nevertheless, there are still consid-
erable uncertainties about how large-scale farms that occupy large 
surface areas of coastal seas or entire bays influence marine mam-
mals, reptiles and seabirds.

Census of marine mammals, reptiles and seabirds is challeng-
ing due to their generally low population densities and highly mo-
bile existence. Furthermore, surveys need to be conducted over 
long timescales to fully assess impacts of cultivation sites on their 
populations, because many have long lifespans and slow population 
growth.159 Monitoring of these species therefore requires immense 
survey effort or specialist behavioural knowledge, and is usually 
conducted from land, boats or air, often relying on species breaching 
or being at the surface of the water to be visible (Table 1). Currently, 
there are very limited studies on the interactions of marine mam-
mals, reptiles or seabirds with macroalgal farms5,10 and further re-
search to address this knowledge gap is essential to enable better 
management and enhance potential habitat benefits of cultivation 
sites. Recent reviews have been published regarding census around 
marine renewable energy infrastructure (e.g. Ref. 160) and other 
aquaculture types,128 which can inform monitoring in macroalgal 
cultivation sites (Table 1).
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3  | GENERAL RECOMMENDATIONS 
ON STUDY DESIGN FOR MONITORING 
HABITAT PROVISIONING IN MACROALGAL 
CULTIVATION SITES

This review illustrates that it is not only the monitoring approach 
used that is important for quantifying habitat provisioning in mac-
roalgal cultivation sites but also how and when these surveys are 
carried out. Standardised approaches in study design and imple-
mentation will ensure monitoring is more directly comparable across 
farm sites and scales, including IMTA and offshore systems. The ef-
fectiveness of different survey methods will differ between farm 
types, however, which we discuss further below (Section 3.1).

Here, we provide the first steps in standardising monitoring pro-
tocols for assessing habitat provisioning by macroalgal cultivation, 
with regard to accounting for differences in farm types, establishing 
reference sites, timing surveys appropriately and defining the neces-
sary species metrics to be taken for relevant habitat value analysis. 
We also discuss how the collection of appropriate field data can be 
used in models to answer some of the broader, ecosystem-wide ef-
fects of the habitat value of macroalgal cultivation that extend be-
yond the footprint of the farms, and importantly how these data can 
be shared in open-access repositories to advance the sustainable 
design of macroalgal cultivation sites in EAA.

3.1  | Accounting for differences in macroalgal 
cultivation farm types

Globally, there is a wide diversity of macroalgal farm types and spe-
cies cultivated, from offshore temperate kelp farms to off-bottom 
tropical carrageenophyte cultivation (Figure 1). This diversity makes 
creating standardised monitoring techniques to quantify habitat 
provisioning challenging, as their effectiveness will differ widely 
between cultivated species, locations and farm types. From the 
monitoring techniques outlined in Table  1, many of these are ap-
plicable to all macroalgal cultivation sites globally. For example, 
diver-conducted visual surveys of fish and pelagic species have been 
used successfully in both Eucheuma and Kappaphycus farms in the 
Philippines133 and Codium, Gracilaria, Sargassum and Ulva farms in 
Costa Rica.78 This survey method is straightforward and flexible due 
to divers or snorkelers being able to adapt their positions around 
farming infrastructure. Between farm types, where infrastructure 
differs greatly however, some monitoring techniques are not feasi-
ble to deploy universally. For instance, small beam trawls may be 
suitable for monitoring benthic species around kelp longline systems 
(as conducted in a Canadian mussel farm187); however, they are not 
suitable in most tropical macroalgal farms due to shallow depth limi-
tations, high density of cultivation lines or use of mesh nets to seed 
(e.g. in Pyropia or Ulva farms).9,10 To survey benthic species in shal-
low tropical farms, more targeted methods could be deployed, such 
as benthic drop cameras or traps (Table 1), which can also be used 
successfully in temperate systems.101 Remote camera surveys would 

also cause less disturbance to both biodiversity and the cultivated 
species. To enable more effective comparison of habitat value be-
tween macroalgal cultivation sites globally, monitoring methods that 
are flexible in terms of their deployment should be favoured over 
those that will only work in certain cultivation scenarios.

Working collaboratively with farmers or other stakeholders, such 
as local fisheries, will enable suitable survey methods for the region 
to be developed. For example, in Tanzanian off-bottom Eucheuma 
and Kappaphycus farms, where trawling or netting is not possible, 
researchers used traditional ‘madema’ basket traps to survey fish 
populations, and were instructed on best deployment techniques 
by local fishermen.129 Using local methods and knowledge-enabled 
successful catches of fish populations in relation to macroalgal cul-
tivation sites and also to assess how the presence of macroalgal 
cultivation sites may affect the economic value of other marine in-
dustries in the area.129 Engaging with farmers and other local indus-
tries may also help to improve awareness of the potential ecological 
and economic benefits of habitat provisioning by macroalgal culti-
vation9 and therefore increase interest in contribution to farmer or 
citizen science observations or the uptake of habitat monitoring into 
farm management protocols13 (Section 3.7).

3.2  |  Surveying appropriate reference sites and 
environmental variables

Ideally, to fully assess the environmental effects of an aquaculture 
system, surveys should be conducted before farms are established 
in any given area, and then compared to results seen during and 
after implementation, as well as at control sites, thereby adopting a 
before-after-control-impact (BACI) design.262 Beyond BACI studies 
may often include multiple, additional control sites away from the 
farm, which experience similar background environmental condi-
tions to the farm site (e.g. depth, sediment, hydrology) but are at an 
appropriate distance away so as to not be affected by the presence 
of aquaculture species (e.g. Refs. 100,101). Where macroalgal culti-
vation sites have already been implemented before baseline condi-
tions were established, habitat value has often been compared to 
other reference habitats, such as seagrass beds (e.g. Ref. 129) or wild 
macroalgae populations (e.g. Ref. 105). To understand any added 
habitat value created by macroalgal cultivation sites to an area, farms 
should also be compared to areas with similar environmental condi-
tions where there is no structural habitat, as this is where farms are 
often implemented. Factoring in the monitoring of other variables 
such as macroalgal species and biomass, depth, light, temperature, 
sediment and water biogeochemistry (e.g. dissolved inorganic car-
bon, sediment size and oxygen-reduction-potential), nutrient avail-
ability and hydrodynamic activity, will also be required to accurately 
compare the habitat value of different farms and better understand 
the health of these systems.7,13,87,88,101–103,105

To assess the effect of habitat provisioning beyond the direct foot-
print of a cultivation site, reference sites can be set at incremental dis-
tances away from the site to determine a sphere of influence or radius 
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of attraction for species (e.g. Ref. 124). In many aquaculture sites, 
wider effects can be relatively small, e.g. limited to <50 m for epiben-
thic macrofauna in Canadian blue mussel farms.124 For different taxo-
nomic groups however, it is likely that the influence of cultivation sites 
will extend further outside of the farm's footprint, such as for larger 
megafauna that may be deterred from foraging grounds, as observed 
with dolphins and shellfish aquaculture in New Zealand.147,148

3.3  |  Timing of surveys

Previous studies have often only sampled at harvesting time points 
(e.g. Ref. 263), when successional communities may not be fully estab-
lished. This is representative for the farming industry, which normally 
completely removes algal biomass at harvest; however, time-series 
data that extend beyond typical harvesting seasons could inform bet-
ter harvesting practices to maximise the habitat value of macroalgae 
farms and inform EAA. For example, trials are being conducted to as-
sess how partial harvesting techniques (whereby some of the holdfast 
and blade are left in situ) may influence epibiont communities and ex-
tend the biodiversity value and crop yield of the farms.80,87 Surveying 
beyond the cultivation season, when macroalgal biomass is removed, 
will also help to determine to what extent the habitat value of the site 
has been removed in the absence of the algae and indeed whether it 
might be maintained, at least in part, by the presence of farm infra-
structure in the area (if this remains in place).79,264 Sampling should 
therefore be conducted at multiple or continuous set time points 
before, during and beyond multiple harvesting cycles, to help avoid 
temporal bias, allow comparability and more completely estimate the 
habitat value of cultivation sites, as well as determine whether or not 
they provide habitat only during cultivation seasons.

3.4  |  Species metrics to be taken and statistical 
analyses of habitat value

Quantifying the habitat value of macroalgal cultivation sites does 
not only rely on determining the species present in the site and their 
abundances but also on understanding their usage of and behavioural 
interactions with the site at various life stages in the long term, as 
well as monitoring their physiological condition and fitness (e.g. juve-
nile recruitment). Juvenile recruitment success underpins population 
fitness and biodiversity, so it should be monitored within cultivation 
sites and surrounding areas to address whether macroalgal farms 
enhance wild populations through juvenile recruitment or simply ag-
gregate individuals from surrounding areas. Quantifying the size and 
nominal age of individual organisms is also needed to understand ju-
venile recruitment.8,124 Biomass measurements are also important to 
determine nutrient and energy flows in ecosystem-wide and food web 
models120 (see Section 3.5), but can be estimated for wild fish using 
published length–weight conversions (e.g. ecoCEN265). Many of the 
methods outlined in Table 1 are capable of determining size and age 
classes of individuals, through the direct measurements of captured, 

from photographed organisms using a scale, or through visual esti-
mates from experienced divers or observers (e.g. Ref. 200). Visual 
methods are also often necessary to determine the behavioural ac-
tivity of species at macroalgal cultivation sites, for example, feeding, 
breeding and sheltering or avoidance of the site. Tagging or biolog-
ging species also allows the behaviour of individuals to be monitored 
and site fidelity to be established.238 Feeding behaviour can also be 
determined through gut content or isotopic analysis (e.g. Ref. 266), 
which can establish food web effects of the farm. Better knowledge 
of species’ activity and feeding behaviours will help determine what 
attracts them to farming infrastructures, and the significance of the 
farm habitat. This will furthermore help to improve the understand-
ing of how farming practices can be better designed to maximise the 
habitat value of macroalgal cultivation sites and mitigate disturbance 
on key life stages of inhabiting species, through EAA.

The use of diverse biotic indices and statistical approaches can 
also provide various insights into overall community and ecosystem 
health, determining the habitability of an area for different species. 
For example, to quantify infaunal biodiversity, a large variety of sta-
tistical approaches183,267,268 and biotic indices are used (summarised 
in Refs. 117,269). Indices lend themselves to standardisation and 
they can be fine-tuned to detect certain types of pressure, for exam-
ple, the Infaunal Trophic Index (ITI), which takes into account species 
sensitivity to organic enrichment270 could be used to quantify the 
impact of organic exudates and cast-off from macroalgal farms. The 
Infaunal Quality Index (IQI) is also used to assess sediment quality 
and would be useful for detecting disturbance below macroalgal cul-
tivation sites.269 When multiple indices are employed, they generate 
a wider picture of the impacts of aquaculture.117,271–273 The choice of 
data analysis tools is therefore important and should be considered 
carefully when designing habitat value surveys to ensure they fulfil 
assessment objectives and are comparable to other sites.

For comparability of habitat value between cultivation sites and 
aquaculture species, a standardised set of variables, biotic indices 
and statistical approaches should be produced, which would en-
able better quantification of the habitat value of macroalgal culti-
vation.117 Such assessment criteria exist for reviewing the impacts 
of human activities on the marine environment, such as the Marine 
Evidence Based Sensitivity Assessment (MarESA).274–276 MarESA 
can be applied to monitoring different forms of aquaculture and 
their impacts in terms of magnitude, extent, duration and frequency 
of the effect, so that pressures from different activities can be com-
pared on an equal footing.

3.5  | Modelling the wider ecosystem effects of 
habitat provisioning for an ecosystem approach to 
aquaculture (EAA)

Despite the increasing number of survey methods available for quan-
tifying habitat provisioning in macroalgal cultivation sites, the re-
sources available to conduct such field surveys are limited, particularly 
at small-scale farms and they tend to focus within a farm's footprint. 
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Models may be used instead to predict ecosystem-wide effects based 
on established relationships with primary productivity, nutrient and 
energy flows and readily available environmental and species data.

At macroalgal cultivation sites, models have already been run 
for determining effects on plankton assemblages at different farm 
scales (e.g. Refs. 65,67,71,73,74) and ecosystem-wide effects on 
food web dynamics (e.g. Ref. 120). Models of carrying capacity 
in aquaculture systems assess the maximum production potential 
of a cultivated species that can be supported in an area based on 
environmental conditions, optimal stocking density, cultivation 
approaches and environmental impact.72,277 Carrying capacity 
models can be used in the development of EAA to assess eco-
system impacts beyond the direct footprint of the cultivation 
site and ensure sustainability.277,278 In Sanggou Bay, China, car-
rying capacity models have been used to assess production limits 
of cultivated kelp and oysters based on species growth dynam-
ics and environmental data279; however, these did not focus on 
the ecological carrying capacity of the site, rather on maximising 
production. Ecological carrying capacity in macroalgal cultivation 
sites should be investigated further to balance production with 
ecosystem management goals, as has been outlined for shellfish 
and finfish cultivation previously.73,277,278

Although models rely on initial species input data from field sur-
veys to be calibrated, ground truthed and verified, data from other 
prepublished studies and reports can also be used.120 As ecosys-
tems are complex, models can tend to oversimplify aquaculture–
environmental relationships71; however, as our understanding of 
these systems improves, the usefulness of habitat provisioning mod-
els will also increase. Models can also be used to assess cumulative 
ecosystem impacts of IMTA systems or multipurpose platforms such 
as integrated aquaculture and marine renewable energy sites to in-
form marine spatial planning and policy related to EAA.280

3.6  | Data distribution and access

In order to inform decisions on optimising the habitat value of mac-
roalgal cultivation sites in EAA, high quality comparable data from 
multiple sites will need to be used. To facilitate this, global stand-
ardised data sets should be generated with available data on habi-
tat provisioning in macroalgal farms or other aquaculture types. 
Conceptual frameworks such as the Essential Biodiversity Variables 
(EBVs)281 could aid in creating interoperable data sets based on data 
collected using common methodologies. These frameworks could 
then be made available in open-access repositories to facilitate habi-
tat value or biodiversity assessments.282

3.7  |  Integration of monitoring techniques into 
farm management protocols and policy

Currently, policy relating to macroalgal cultivation at either national 
or international level is not well established, and farm management 

protocols are often focused on reducing waste, pollution, disease 
outbreaks and damaging epibionts, rather than maximising the eco-
logical value of the site. Standardised quantification of habitat pro-
visioning of macroalgal cultivation sites would be greatly facilitated 
through the creation of clear monitoring criteria and guidance from 
regulatory and accreditation bodies through farm management 
protocols or policy.5,13,107 Monitoring techniques should adhere to 
licencing and certification standards, whilst also benefitting farm-
ers to incentivise their usage, for example, via optimising harvest 
schedules and increasing product yield and grade or facilitating 
regulation and licencing of farms. Several sustainability and organic 
certification standards for macroalgal cultivation production (out-
lined in Ref. 9) discuss the need for farmers to assess the positive 
and negative environmental impacts of their farms and establish 
sustainable management plans to enable their products to be ac-
credited; however, very little direct guidance on evidence-based 
monitoring is given. For example, the Aquaculture Stewardship 
Council (ASC)-Marine Stewardship Council (MSC) sustainable sea-
weed standard for both wild and farmed seaweeds sets a number 
of requirements for farmers to demonstrate that they are actively 
reducing any potential negative environmental impacts of their 
farms, including on native species and habitats.283 Elements of 
the ASC-MSC standard include habitat, ecosystem structure and 
function, species status, species management, waste management 
and pollution control, energy efficiency, disease and pest manage-
ment practices and introduced species management. The ASC-MSC 
standard does not, however, detail any specific monitoring tech-
niques required to provide evidence for this. If certification stand-
ards could encourage this form of standardised data collection as 
a requirement for certification, it would greatly incentivise farm-
ers to integrate habitat provisioning monitoring techniques into 
their current farm management protocols. Standardising methods 
for quantifying habitat provisioning and the associated ecological 
(and economic) value is undoubtedly more challenging than for data 
collection related to assessing and managing impacts around waste 
management and pollution control, energy efficiency, disease and 
pest management practices. However, encouraging monitoring of 
habitat provisioning is essential for realising an EAA and assuring 
the sustainability of the industry.72

Marine licencing bodies could also set environmental and habitat 
monitoring as a legal requirement to grant farming permissions, par-
ticularly in newly emerging regions of macroalgal cultivation, such as 
Europe. The EU strategic guidelines for a more sustainable and com-
petitive EU aquaculture in 2021–2030 highlights the limited data re-
ported on environmental indicators related to aquaculture and the 
need to obligate farmers to monitor and report environmental data 
to licencing systems and for regulating bodies to enforce sanctions 
for non-compliance.72 The environmental data currently reported 
relates mostly to water quality and pollution levels72; however, re-
porting could be expanded to include biodiversity or habitat moni-
toring.13 To engage other stakeholders and facilitate social licencing, 
monitoring techniques could also be targeted at verifying potential 
economic benefits to other marine industries, including fisheries, 
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by identification of commercially important species such as edible 
crabs, fish and lobsters.72

4  |  CONCLUSIONS

Macroalgal cultivation may provide several key ESs, which could in-
crease cultivation value beyond that of biomass production alone. 
Macroalgae cultivation sites could provide important habitat for a 
diverse number of species of ecological, conservation and/or com-
mercial importance. However, the habitat provisioning of macroal-
gal farms largely remains unquantified and consequently, placing 
economic values on this environmental benefit remains uncertain. 
If the habitat value of macroalgal cultivation sites can be effectively 
quantified, this would incentivise farmers to design cultivation sites 
or harvesting schedules to maximise habitat value and contribute 
towards sustainable EAA. With growing exploitation of the marine 
environment and increasing fragmentation and degradation of ma-
rine habitats, the strategic implementation of restorative EAA may 
provide important wildlife corridors to reconnect habitats and sup-
port complementary communities of fish and fishing grounds, which 
may otherwise take decades to recover unaided.284 Better under-
standing of the species that occupy macroalgae cultivation sites is 
therefore important and requires comprehensive and robust census 
techniques and methods specifically designed for use in macroalgal 
farms, due to the unique challenges these habitats pose for monitor-
ing. With the increasing proportion of large-scale offshore or IMTA 
sites, census techniques should be designed to survey in a variety of 
environmental conditions and at differing cultivation scales globally. 
Standardising methods for quantifying habitat provisioning and its 
ecological (and economic) value is challenging due to wide ranging 
taxonomic and functional groups that can inhabit seaweed farms; 
however, this work is essential for realising EAA and assuring the 
sustainability of the industry. A future challenge for quantifying the 
value of habitat provisioning will be to harness the data generated 
from employing standardised methods and move beyond summa-
tive assessments or indices of biodiversity to more ecosystem-based 
assessments, which take into account species–species and species–
environment interactions and synergies.
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