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Algae, including seaweeds (macroalgae), comprise more than 20 percent of total aquaculture
production biomass, and algal cultivation is growing rapidly compared with other farmed species
(approximately 8 percent per year.) following the growth and diversi�cation
(https://doi.org/10.1080/09670262.2017.1365175) in global markets for algal or macroalgal products.

Beyond the direct commercial value of macroalgal products, the responsible expansion of macroalgal
cultivation could provide environmental bene�ts, which have been detailed alongside potential
negative impacts (https://doi.org/10.1093/biosci/biy137) in several recent reviews.

Many of these environmental effects relate 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 �sheries (Fig. 1). The proposed ecosystem services
enhanced by macroalgal cultivation would support several United Nations Sustainable Development
Goals (SDGs) including: contributing to global health and well-being, providing economic growth and
resilience in coastal communities, enabling responsible consumption and production, facilitating
climate action and bene�ting marine ecosystems (https://ungc-communications-
assets.s3.amazonaws.com/docs/publications/The-Seaweed-Manifesto.pdf).

Habitat provisioning is a hugely important ecological process that underpins biodiversity, ecosystem
structure and function, and supports many ecosystem services, such as food provisioning, water
quality, maintenance of pest and disease control and recreation and ecotourism. Quantifying the
habitat provided by macroalgal cultivation has received little attention, and therefore, no economic or
ecological valuations of this potential bene�t have yet been made.

This article discusses quantifying habitat provisioning in and around
macroalgae cultivation sites and presents recommendations for
future ecological valuation of macroalgal cultivation locations to
better enable an ecosystem approach to aquaculture. Image shows a
woman working on a seaweed cultivation line in Zanzibar, Tanzania.
Photo by Rachel Clara Reed, via Wikimedia Commons.

https://doi.org/10.1080/09670262.2017.1365175
https://doi.org/10.1093/biosci/biy137
https://ungc-communications-assets.s3.amazonaws.com/docs/publications/The-Seaweed-Manifesto.pdf
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Increased recognition and valuation of the habitat provided by macroalgal cultivation would enable
better farm design and management to optimize potential environmental bene�ts, mitigate potential
negative impacts and contribute towards sustainable development and an ecosystem approach to
aquaculture In macroalgal cultivation, the ecosystem approach to aquaculture (EAA) may guide policy,
�nancing and certi�cation schemes towards promoting increased sustainable practices in mariculture
development. Accordingly, there is the potential for macroalgal aquaculture to lead the way as an
example of sustainable EAA; however, more quantitative evidence on a wider range of the potential
environmental bene�ts is needed, including habitat provisioning.

This article – adapted and summarized from the original publication
(https://doi.org/10.1111/raq.12669) [Corrigan, S. et al. 2022. Quantifying habitat provisioning at
macroalgal cultivation sites. Rev. Aquac. 14(2). March 2022] – discusses the general recommendations
for the design of studies for monitoring habitat provisioning in macroalgal cultivation sites.

Fig. 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/imagelibrary/) and BioRender (Biorender.com).

https://doi.org/10.1111/raq.12669
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Accounting for di�erences in macroalgal cultivation farm
types
Globally, there is a wide diversity of macroalgal farm types and species cultivated, from offshore
temperate kelp farms to off-bottom tropical species (Fig. 1). This diversity makes creating standardized
monitoring techniques to quantify habitat provisioning challenging, as their effectiveness will differ
widely between cultivated species, locations and farm types. Many monitoring techniques are
applicable to all macroalgal cultivation sites globally. For example, diver-conducted visual surveys of
�sh and pelagic species have been used successfully in both Eucheuma and Kappaphycus farms in
the Philippines (https://doi.org/10.1371/journal.pone.0118838) and Codium, Gracilaria, Sargassum
and Ulva farms in Costa Rica (https://doi.org/10.1016/j.aquaculture.2014.10.032).

Between farm types, where infrastructure differs greatly, some monitoring techniques are not feasible 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 farm); however, they are not suitable
in most tropical macroalgal farms due to shallow depth limitations, high density of cultivation lines and
other limitations (https://doi.org/10.1111/cobi.13462).

To survey benthic species in shallow tropical farms, more targeted methods could be deployed, such as
benthic drop cameras or traps, which can also be used successfully in temperate systems. Remote
camera surveys would also cause less disturbance to both biodiversity and the cultivated species. To
enable more effective comparison of habitat value between macroalgal cultivation sites globally,
monitoring methods that are �exible in terms of their deployment should be favored over those that will
only work in certain cultivation scenarios.

Working collaboratively with farmers or other stakeholders, such as local �sheries, will enable suitable
survey methods for the region to be developed. Engaging with farmers and other local industries may
also help to improve awareness of the potential ecological and economic bene�ts of habitat
provisioning by macroalgal cultivation and therefore increase interest in contributions to farmer- or
citizen-science observations, or the uptake of habitat monitoring into farm-management protocols.

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
(https://doi.org/10.2307/1942110) (BACI) design. Beyond BACI, studies may often include multiple,
additional control sites away from the farm, which experience similar background environmental
conditions 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
(https://doi.org/10.1016/j.marpolbul.2020.110962).

To understand any added habitat value created by macroalgal cultivation sites to an area, farms should
also be compared to areas with similar environmental conditions 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.

https://doi.org/10.1371/journal.pone.0118838
https://doi.org/10.1016/j.aquaculture.2014.10.032
https://doi.org/10.1111/cobi.13462
https://doi.org/10.2307/1942110
https://doi.org/10.1016/j.marpolbul.2020.110962
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dissolved inorganic carbon, sediment size and oxygen-reduction potential), nutrient availability and
hydrodynamic activity will also be required to accurately compare the habitat value of different farms
and better understand the health of these systems (https://doi.org/10.1007/s10811-020-02201-5).

Timing of surveys
Previous studies have often only sampled at harvesting time points when successional communities
may not be fully established. 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 better harvesting practices to maximize the habitat value of macroalgae farms
and inform EAA.

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 infrastructure
(https://doi.org/10.1017/S0025315418000723) in the area.

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.

Species metrics to be collected, 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
behavioral interactions with the site at various life stages in the long term, as well as monitoring their
physiological condition and �tness (e.g., juvenile recruitment). Juvenile recruitment success underpins
population �tness 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 aggregate individuals from surrounding areas.

Quantifying the size and nominal age of individual organisms is also needed to understand juvenile
recruitment. Biomass measurements are also important to determine nutrient and energy �ows in
ecosystem-wide and food web models but can be estimated for wild �sh using published length-weight
conversions. Visual methods are also often necessary to determine the behavioral activity of species at
macroalgal cultivation sites, for example, feeding, breeding and sheltering or avoidance of the site.
Tagging or biologging species also allows the behavior of individuals to be monitored and site �delity
(https://doi.org/10.1007/S12601-021-00015-1) to be established.

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.
Indices lend themselves to standardization and they can be �ne-tuned to detect certain types of
pressure, for example, to assess species sensitivity to organic enrichment could be used to quantify the
impact of organic exudates and cast-off from macroalgal farms.

When multiple indices are employed, they generate a wider picture of the impacts of aquaculture. The
choice of data analysis tools is therefore important and should be considered carefully when designing
habitat value surveys to ensure they ful�l assessment objectives and are comparable to other sites.

https://doi.org/10.1007/s10811-020-02201-5
https://doi.org/10.1017/S0025315418000723
https://doi.org/10.1007/S12601-021-00015-1
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For comparability of habitat value between cultivation sites and aquaculture species, a standardized
set of variables, biotic indices and statistical approaches should be produced, which would enable
better quanti�cation of the habitat value of macroalgal cultivation
(https://doi.org/10.1016/J.AQUACULTURE.2009.04.037).

An ecosystem approach to aquaculture
Despite the increasing number of survey methods available for quantifying habitat provisioning in
macroalgal cultivation sites, the resources available to conduct such �eld surveys are limited,
particularly at small-scale farms and they tend to focus within a farm’s footprint. Models may be used
instead to predict ecosystem-wide effects based on established relationships with primary productivity,
nutrient and energy �ows and readily available environmental and species data.

At macroalgal cultivation sites, models have already been run for determining effects on plankton
assemblages (https://doi.org/10.1038/s42003-021-02371-z) at different farm scales and ecosystem-
wide effects on food web dynamics (https://doi.org/10.1007/s12237-010-9323-0). 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.

Carrying capacity models can be used in the development of EAA to assess ecosystem impacts beyond
the direct footprint of the cultivation site and ensure sustainability. Ecological carrying capacity in
macroalgal cultivation sites should be investigated further to balance production with ecosystem
management goals, as has been outlined for shell�sh and �n�sh cultivation
(https://doi.org/10.1007/978-3-319-96776-9_23) previously. Models can also be used to assess
cumulative ecosystem impacts of integrated multitrophic aquaculture (IMTA), systems or multipurpose
platforms such as integrated aquaculture and marine renewable energy sites to inform marine spatial
planning and policy related to EAA.

Data distribution and access
To inform on decisions to optimize the habitat value of macroalgal cultivation sites in EAA, high-quality,
comparable data from multiple sites will be needed. To facilitate this, global standardized data sets
should be generated with available data on habitat provisioning in macroalgal farms or other
aquaculture types. Conceptual frameworks such as essential biodiversity variables
(http://10.3389/FMARS.2018.00211) (EBVs) could aid in creating inter-operable data sets based on
data collected using common methodologies. These frameworks could then be made available in open-
access repositories to facilitate habitat value or biodiversity assessments.

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 other actions, rather than maximizing the ecological value of the site. Standardized
quanti�cation of habitat provisioning 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 (https://doi.org/10.1016/J.RSER.2017.03.013) or policy.

https://doi.org/10.1016/J.AQUACULTURE.2009.04.037
https://doi.org/10.1038/s42003-021-02371-z
https://doi.org/10.1007/s12237-010-9323-0
https://doi.org/10.1007/978-3-319-96776-9_23
http://10.0.13.61/FMARS.2018.00211
https://doi.org/10.1016/J.RSER.2017.03.013
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Monitoring techniques should adhere to licensing and certi�cation standards, whilst also bene�tting
farmers to incentivize their usage, for example, via optimizing harvest schedules and increasing
product yield and grade or facilitating regulation and licensing of farms. Several sustainability and
organic certi�cation standards for macroalgal cultivation 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 accredited; however, very little direct guidance on evidence-based
monitoring is given.

Standardizing 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 e�ciency and disease-
and pest-management practices. However, encouraging monitoring of habitat provisioning is essential
for realizing an EAA and assuring the sustainability (https://eur-lex.europa.eu/legal-content/EN/TXT/?
uri=COM:2021:236:FIN) of the industry.

Marine licensing bodies could also set environmental and habitat monitoring as a legal requirement to
grant farming permissions, particularly in newly emerging regions of macroalgal cultivation, such as
Europe. The EU strategic guidelines for a more sustainable and competitive EU aquaculture
(https://ec.europa.eu/oceans-and-�sheries/ocean/blue-economy/aquaculture/aquaculture-
guidelines_en) in 2021–2030 highlights the limited data reported on environmental indicators related to
aquaculture and the need to obligate farmers to monitor and report environmental data to licensing
systems and for regulating bodies to enforce sanctions for non-compliance. The environmental data
currently reported relates mostly to water quality and pollution levels; however, reporting could be
expanded to include biodiversity or habitat monitoring.

Perspectives
Macroalgal cultivation may provide several key ecosystem services, which could increase 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 commercial importance.
However, the habitat provisioning of macroalgal farms largely remains unquanti�ed and consequently,
placing economic values on this environmental bene�t remains uncertain.

If the habitat value of macroalgal cultivation sites can be effectively quanti�ed, this would incentivize
farmers to design cultivation sites or harvesting schedules to maximize habitat value and contribute
toward the sustainable ecosystem approach to aquaculture (EAA). With growing exploitation of the
marine environment and increasing fragmentation and degradation of marine habitats, the strategic
implementation of restorative EAA may provide important wildlife corridors to reconnect habitats and
support complementary communities of �sh and �shing grounds, which may otherwise take decades
to recover unaided.

Better understanding of the species that occupy macroalgae cultivation sites is therefore important and
requires comprehensive and robust census techniques and methods speci�cally designed for use in
macroalgal farms, due to the unique challenges these habitats pose for monitoring.

With the increasing proportion of large-scale offshore or integrated multitrophic aquaculture (IMTA)
sites, census techniques should be designed to survey in a variety of environmental conditions and at
differing cultivation scales globally. Standardizing methods for quantifying habitat provisioning and its
ecological (and economic) value is challenging due to the wide-ranging taxonomic and functional
groups that can inhabit seaweed farms; however, this work is essential for realizing EAA and assuring
the sustainability of the industry.

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2021:236:FIN
https://ec.europa.eu/oceans-and-fisheries/ocean/blue-economy/aquaculture/aquaculture-guidelines_en
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A future challenge for quantifying the value of habitat provisioning will be to harness the data
generated from employing standardized methods and move beyond summative assessments or
indices of biodiversity to more ecosystem-based assessments, which consider species-species and
species-environment interactions and synergies.
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