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Foreword

YOUMARES 9, a conference from and for YOUng MArine RESearchers, is well-established
and an format to present current research topics to early career scientists. This international
conference represented a platform for early career scientists in Germany, Europe, and world-
wide to build up a scientific network. At large congresses, young scientists often do not have
the opportunity to present themselves. YOUMARES 9 was important, giving young research-
ers a place to discuss their research and engage in discussions on important research questions
early in their scientific career.

YOUMARES 9 was organized by master’s students and doctoral candidates as a bottom-up
conference. The bottom-up concept of YOUMARES 9 was professionalized by a core organi-
zational team and a local team provided by the host. The participants of the organizational
team learned to organize conferences, communicate with different stakeholders, and moderate
sessions or lead workshops. As a result, the team learned self-confidence and strengthened
their key competencies besides their scientific work.

These kinds of conferences are indeed a very good way of supporting young researchers in
their starting careers. Young researchers learn to present their work and discuss it with peers
and network. To sum up, all participants learn the parts of “how to do research” that take place
outside of the lab. During the conference, there is a spirit of curiosity, interest, and energy of
young researchers and an open-minded atmosphere.

It was great to be the host of YOUMARES 9 under the theme “The oceans: our research,
our future” from 11 to 14 September 2018 at the Carl von Ossietzky University of Oldenburg,
ICBM. It was a pleasure to welcome over 300 participants to Oldenburg. Originally,
YOUMARES 9 started with a zero budget, but with support from various sponsors from sci-
ence and industry, it ended up being a prestigious conference.

As a future perspective, such conferences would be an essential link between industry, insti-
tutions, and universities to provide young scientists the best possibilities for future careers
inside and outside the universities.

These proceedings, which include a peer-reviewed process, are an excellent summary of the
research activities of young marine scientists and document the actual challenges in marine
and social sciences. This book is the second that was published open access with Springer in
the context of YOUMARES.

I congratulate the organizers of YOUMARES 9 for their enthusiasm, creativity, and
engagement.

Institute for Chemistry and Biology of the Marine Dr. Ferdinand Esser
Environment (ICBM)

Carl von Ossietzky University of Oldenburg

Scientific Coordinator of Early Career Researchers (Doctoral Candidates

and Postdocs) of the ICBM

Oldenburg, March 2019
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Preface

This book is the final product of the YOUMARES 9 conference, held from 12 to 14 September
2018 in Oldenburg, Germany. From all areas of marine sciences, bachelor, master, and PhD
students were asked to contribute. The oral and poster presentations of this conference repre-
sent the most recent research in marine sciences. All presentations were part of a topical ses-
sion, which were also organized and moderated by early career scientists. Apart from handling
the presentation abstracts, all session hosts were given the opportunity to write a review article
on a topic of their choice in their area of research. These peer-reviewed articles and the corre-
sponding abstracts are compiled in this book.

The 2018 edition of the YOUMARES series started with an icebreaker event at the State
Museum for Nature and Man in the city center of Oldenburg. All participants were welcomed
by Prof. Ursula Warnke (State Museum for Nature and Man), Prof. Oliver Zielinski (Institute
for Chemistry and Biology of the Marine Environment, ICBM), and Prof. Dieter Hanelt
(German Society for Marine Research, DGM). Some introductory games, food, and drinks
indeed broke the ice, especially for the people who have not already been part of the
YOUMARES family.

The scientific part of the conference was hosted by the Carl von Ossietzky University of
Oldenburg and its Institute for Chemistry and Biology of the Marine Environment (ICBM).
After some welcome words by Prof. Esther Ruigendijk (University of Oldenburg, Vice
President for Early Career Researchers and International Affairs) and Prof. Oliver Zielinski
(ICBM), we started a plenary discussion bridging marine sciences with ocean governance and
conservation. The vivid discussion was moderated by James G. Hagan (Vrije Universiteit
Brussel, VUB). The discussants on the podium were session hosts of the 2018 YOUMARES
edition: Meenakshi Poti, Morgan L. McCarthy, Thomas Luypaert, and Liam Lachs (all VUB,
experts in the field of environmental conservation), Pradeep A. Singh, and Mara Ort (University
of Bremen, representing the field of ocean governance). They were joined by Prof. Zielinski
(ICBM, University of Oldenburg) and Dr. Cornelia Nauen (Mundus Maris, Brussels). The
opening morning was completed by a keynote talk of Prof. Frank Oliver Glockner (Max Plank
Institute for Marine Microbiology and Jacobs University Bremen) on the “Ocean Sampling
Day, an Example for Science 2.0.”

One afternoon was reserved for workshops and excursions. Participants could choose from
workshops like “How to turn science into a story?,” “Publishing in Natural Sciences,” and
“Knowledge transfer in marine science” as well as guided tours through the city center of
Oldenburg or the Botanical Garden of the University Oldenburg and others.

The remaining time was filled with a diverse spectrum of talks and poster presentations of
cutting-edge research results obtained by the conference participants. In total, 109 talks and 33
posters were presented in 1 of the 19 sessions. Including session hosts, helpers, presenters, and
listeners, a total over 250 people contributed to YOUMARES 9.



Preface

We hope that this book is a source of knowledge and inspiration to the participants, session
hosts, and helpers of YOUMARES 9, as well as to all young marine researchers and to every-
body interested in marine research.

Bremen, Germany Simon Jungblut
Berlin, Germany Viola Liebich
Bremen, Germany Maya Bode-Dalby

March 2019
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Science for the Future: The Use
of Citizen Science in Marine Research

and Conservation

Hannah S. Earp and Arianna Liconti

Abstract

Over the last decade, significant advances in citizen sci-
ence have occurred, allowing projects to extend in scope
from the ocean floor to the Milky Way and cover almost
everything in between. These projects have provided cost-
effective means to collect extensive data sets covering
vast spatio-temporal scales that can be used in scientific
research, to develop conservation policy and to promote
environmental awareness. This review explores the cur-
rent status of marine citizen science by examining 120
marine citizen science projects. Trends in geographic
locations, focal taxa, participant demographics, tasks
undertaken and data directionality (i.e. storage and publi-
cation) are highlighted, and the challenges and benefits of
citizen science to marine research and conservation are
reviewed. Marine citizen science projects act primarily at
national levels (53.3%) and mainly focus on coastal ocean
environments (49.2%) with chordates as the most popular
focus taxa (40%). Some form of methodological training
for participants is provided by 64.2% of projects, and the
most popular tasks undertaken are field surveys (35.8%)
and reporting of opportunistic sightings (34.2%). Data
quality and participant motivation are among the most
common challenges facing projects, but identified
strengths include enhanced marine policy, increased sci-
entific knowledge and environmental stewardship. In con-
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clusion, marine citizen science lies at a crossroads of
unresolved challenges, demonstrated successes and unre-
alized potential. However, should the challenges be
addressed, the unique capacity of citizen science to
broaden the scope of investigations may be the key to the
future of marine research and conservation in times of
global change and financial hardship.

Keywords

Volunteer - Public participation - Community-based
monitoring - Environmental policy - Ecological
surveying

1.1 Introduction

1.1.1 The History of Citizen Science

Citizen science, often described as amateur participation in
scientific research and monitoring, has emerged as a power-
ful tool and popular activity in recent decades (Cohn 2008;
Kullenberg and Kasperowski 2016; Burgess et al. 2017).
However, this phenomenon is not new and extends back to
before the professionalization of science, whereby most ‘sci-
entists’ including Benjamin Franklin (1706-1790), Charles
Darwin (1809-1888) and Margaret Gatty (1809—1873) made
a living in different professions (Silvertown 2009).
Yet, despite the evolution of science as a paid profession in
the late nineteenth century, amateurs remained involved in
many scientific disciplines such as archaeology, astronomy,
meteorology and natural history (Silvertown 2009; Haklay
2015). On the verge of the twentieth century, the first ‘citizen
science project’, the National Audubon Society Christmas
Bird Count, was established (Cohn 2008; Bonney et al.
2009). It was, however, another 89 years before the first cita-
tion of ‘citizen science’ to describe the collection of rainwater

S. Jungblut et al. (eds.), YOUMARES 9 - The Oceans: Our Research, Our Future,
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samples by 225 volunteers as part of a National Audubon
Society acid-rain awareness-raising campaign (Kerson
1989), and a further 15 years before its inclusion in the
Oxford English Dictionary (OED) in 2014. Today, citizen
science is widely defined as ‘scientific work undertaken by
members of the general public, often in collaboration with
or under the direction of professional scientists and scien-
tific institutions’ (OED Online 2018a). However, as an
evolving discipline, a transition from the primarily contrib-
utory paradigm whereby participants mainly collect data,
to more collaborative and co-created approaches, where
they are involved in additional elements of the scientific
process has been observed (Bonney et al. 2009; Wiggins
and Crowston 2011; Teleki 2012). Today, some citizen sci-
entists work alone or through community-driven projects,
as opposed to directly collaborating with scientists (Bonney
et al. 2016a; Cigliano and Ballard 2018). Nevertheless,
over the past 20 years, citizen science has boomed, with
millions of participants from diverse backgrounds becom-
ing involved in projects that have extended in scope from
the seafloor to the Milky Way and covered almost every-
thing in between (Foster-Smith and Evans 2003; Bonney
et al. 2016b).

1.1.2 Marine Citizen Science

Although not as prevalent as their terrestrial counterparts
(Roy et al. 2012; Cigliano et al. 2015; Theobald et al. 2015;
Garcia-Soto et al. 2017), marine citizen science projects pro-
vide a cost-effective means of collecting and analysing
extensive data sets across vast spatio-temporal scales, using
conventional and new observation and simulation tools
(Bonney et al. 2009; Silvertown 2009; Hochachka et al.
2012; Garcia-Soto et al. 2017). Wiggins and Crowston
(2011) suggested that citizen science projects fall into five
exhaustive groups: (1) action-orientated projects that encour-
age participation in local issues, for example, collecting and
categorizing marine debris (e.g. Marine Conservation
Society’s Beachwatch available at www.mcsuk.org/beach-
watch); (2) conservation projects that promote stewardship
and management such as restoring coral reefs (e.g. Rescue a
Reef available at sharkresearch.rsmas.miami.edu/donate/
rescue-a-reef); (3) investigation projects that answer a scien-
tific question including monitoring coral reefs (Marshall
et al. 2012; Done et al. 2017), cetacean populations (Evans
etal. 2008; Tonachella et al. 2012; Bruce et al. 2014; Embling
et al. 2015) and invasive species (Delaney et al. 2008); (4)
virtual projects that are exclusively ICT-meditated, for exam-
ple, online photo analysis (e.g. Weddell Seal Count available
at www.zooniverse.org/projects/slg0808/weddell-seal-
count); and (5) education projects whereby outreach is the
primary goal (e.g. the Capturing our Coast ‘Beach Babies’

survey available at www.capturingourcoast.co.uk/specific-
information/beach-babies).

Thiel et al. (2014) examined 227 peer-reviewed studies
involving volunteer-scientist collaborations and showed that
developed nations including the United States of America
(USA), Australia and the United Kingdom (UK) are hotspots
for marine citizen science, with easily accessible areas
including intertidal and subtidal regions among the most fre-
quently surveyed environments. However, recent technologi-
cal developments, often dubbed ‘citizen cyberscience’, have
further elevated the accessibility of citizen science and may
in turn alter these trends (Science Communication Unit —
University of the West of England 2013). These develop-
ments have allowed volunteers from around the world to
‘virtually’ participate in marine research across international
borders and in otherwise inaccessible environments (e.g. the
deep sea) from the comfort of home. Examples include
Seafloor Explorer (available at www.seafloorexplorer.org),
where participants analysed over two million images of the
seafloor (~250 m deep) in order to investigate the distribution
of commercially important species such as scallops along the
northeast United States continental shelf.

1.1.3 Citizen Science as a Tool in Research
and Conservation

Despite the broad array of topics, the aims of citizen science
projects remain similar: to gather data that answers scientific
questions and/or drives policy (Cigliano et al. 2015; Bonney
et al. 2016b; Garcia-Soto et al. 2017), to promote environ-
mental awareness and literacy, and to empower citizens and
communities (Danielsen et al. 2013; Garcia-Soto et al. 2017).
Consequently, it has been suggested that citizen science pro-
cesses and outcomes warrant acknowledgement as a distinct
discipline (Jordan et al. 2015; Burgess et al. 2017; Garcia-
Soto et al. 2017). Despite being incorporated into an increas-
ing array of scientific literature, proposals and conference
submissions (Cigliano and Ballard 2018), and evolving well-
tested protocols and data validation techniques, citizen sci-
ence has yet to be fully embraced by the scientific community,
and questions remain surrounding best practices and data
quality and/or verification (Cohn 2008; Silvertown 2009;
Bonney et al. 2014; Burgess et al. 2017). This review builds
on research by Thiel et al. (2014) that demonstrated trends
across marine citizen science published in peer-reviewed
journal articles, in order to highlight the diversity of current
marine citizen science projects. This includes projects that
have published their data in peer-reviewed journals, as well
as those whose primary aims are to provide data that drives
management or to educate and engage the public.
“Voluntourism’ projects are excluded from our consider-
ations as they primarily constitute ‘voluntary work typically
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aiming to help others’ (OED Online 2018b) as opposed to
the ‘scientific work’ nature of citizen science. The selected
marine citizen science projects were examined in order to
highlight trends in terms of: geographic locations, focal taxa,
participant demographics, tasks undertaken and data direc-
tionality (i.e. data publication and storage). Challenges and
strengths arising from the review are then presented before
suggestions for the future of citizen science in marine
research and conservation are made.

1.2  Methodology

1.2.1 Project Selection

Marine citizen science projects were collated using: (1)
Google searches using the keywords ‘marine + citizen +
science’, (2) searches on the citizen science database
SciStarter (available at www.scistarter.com) using the key-
word ‘marine’, (3) the Wikipedia citizen science project list
(available at www.wikipedia.org/wiki/List_of_citizen_sci-
ence_projects), (4) social media searches on Facebook
using the keywords ‘marine + citizen + science’, (5) proj-
ects mentioned in reviewed literature and (6) personal
knowledge. Project websites were consulted, and a project
was included in the review when it had a marine focus and
involved citizen scientists. In cases where an organization
coordinated multiple citizen science projects, each project
was included individually (e.g. The Shark Trust coordi-
nates; The Great Eggcase Hunt, Basking Shark Project and
Angling Project: Off The Hook, available at www.shark-
trust.org/en/citizen_science). In cases where a project orga-
nized multiple campaign style activities, the project alone

was included (e.g. Capturing our Coast available at www.
capturingourcoast.co.uk). A total of 120 projects, covering
the majority of oceans, their associated flora and fauna, and
several conservation issues met the selection criteria (see
Appendix 1 for a list of reviewed projects). Data for each
project was collected by combining information available
from websites, newsletters, databases and email communi-
cations. Core data included lead organization, year of
establishment, spatial coverage (i.e. international, regional,
etc.), location, focus area/taxa, volunteer training require-
ment (i.e. written instructions, training programs), activity
genre (i.e. fieldwork/online) and tasks undertaken (i.e.
sightings, image/recording analysis, etc.). When available,
information on the number of surveys undertaken by citi-
zen scientists, data validation techniques (i.e. data quality
checking), data directionality (i.e. storage location) and
number of peer-reviewed scientific publications using the
projects data set was also recorded.

1.3 Identified Trends Across Marine
Citizen Science Projects
1.3.1 GeographicLocation

1.3.1.1 Spatial Coverage

The reviewed projects occurred across multiple geographical
scales, extending from local and regional levels (4.2%) to
international and global coverage (42.5%). The majority of
projects acted at national levels (53.3%) and spanned nine
locations (Fig. 1.1), with the most being located in the USA
(43.8%), followed by the UK (27.4%) and Australia (11%).
A trend towards greater project abundances in developed
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nations was observed, with only 6.8% of projects occurring
in nations with developing economies (as defined by the
United Nations Conference on Trade and Development
(UNCTADstat 2018)), for example, Brazil and South Africa.
A similar trend was reported by Thiel et al. (2014), although
this may be attributed, in part, to the fact that projects incor-
porated in these reviews were selected based on their journal
publications and websites, and consequently projects using
other communication strategies to engage with citizen scien-
tists (e.g. local community groups that may be more abun-
dant in developing nations) are excluded.

1.3.1.2 Environmental Coverage

The most commonly investigated environment was the
coastal ocean (depth < 200 m) (49.2%), closely followed by
easily accessible coastline regions (34.2%) (Fig. 1.2).
Although further divisions into zones such as the supralitto-
ral, intertidal, subtidal, continental shelf and oceanic envi-
ronments (similar to Thiel et al. 2014) were beyond the scope
of this review, this information could provide a greater
insight into hotspot environments for marine citizen science,
as well as those with capacity for development. Interestingly,
studies specifically focused on environments known for their
roles in supporting ecosystem functions and services, includ-
ing mangrove and kelp forests, seagrass meadows and wet-
lands, were limited (5% in total), demonstrating potential
opportunities for expansion of citizen science in these envi-
ronments. An exception was coral reefs that were the focus
of investigation in 8.3% of projects, potentially due to their
charismatic appeal, exotic location, alongside the relative
ease of conducting research involving SCUBA diving in
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these environments, and the higher volume of visitors as
potential citizen science participants (relative to colder oce-
anic environments).

The deep sea remained the least studied environment with
only one project, Digital Fishers (available at www.ocean-
networks.ca), focusing their investigations on the organisms
inhabiting this remote and often inaccessible region.
However, inaccessibility may not be the only reason for the
lack of projects concerning this environment, as limited sci-
entific knowledge and expensive technologies may also be
factors. Despite large deep-sea video databases being avail-
able online (National Oceanic & Atmospheric Administration
Ocean Explorer available at www.oceanexplorer.noaa.gov;
Monterey Bay Aquarium Research Institute available at
www.mbari.org; Japan Agency for Marine-Earth Science &
Technology e-library of deep-sea images available at www.
godac.jamstec.go.jp), the identification of deep-sea organ-
isms remains complex and thus must be conducted by experts
in this field. However, in order to enhance the identification
process (i.e. make it quicker and easier), software is cur-
rently under development that can automatically identify
deep-sea species, and in the case of Digital Fishers, citizen
scientists are contributing to the development of this soft-
ware by ‘educating’ it to count and identify different taxa
(Ocean Networks Canada 2018).

The majority of reviewed projects (25.8%) focused on
multiple taxa (‘Diverse Taxa’) (Table 1.1), through investiga-
tions on the intertidal or subtidal or on invasive species and
planktonic communities. However, among the most popular
individual taxa were the so-called charismatic megafauna,
including marine mammals (15%), seabirds (8.3%) and
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Table 1.1 Focus taxa of the reviewed marine citizen science projects,
excluding those that focused on oceanography or pollution (n = 18).
Diverse taxa includes projects focusing intertidal and subtidal flora and
fauna, alongside those that focus on multiple invasive or planktonic
taxa

Taxa Number of projects
Chordata Mammalia 18
Aves 10
Chondrichthyes 9
Osteichthyes 8
Actinopterygii 1
Reptilia 1
Diverse taxa 1
Cnidaria Anthozoa 8
Scyphozoa 1
Arthropoda Crustacea 6
Diverse taxa 1
Plantae Angiosperma 4
Heterokontophyta Phaeophyceae 3
Echinodermata Echinoidea 1
Mollusca Gastropoda 1
Diverse Taxa General 29

sharks/rays (7.5%), which are often considered more news-
worthy compared to projects focusing on seaweeds or plank-
ton (Stafford et al. 2010). Surprisingly, sea turtles (also
considered charismatic megafauna) were the focus of only
one project (Seaturtle.org available at www.seaturtle.org),
yet were highly popular among voluntourism projects (e.g.
Sea Turtle Conservation available at www.volunteeringsolu-
tions.com, www.frontier.ac.uk and www.gvi.co.uk; SEE
Turtles available at www.seeturtles.org). In addition to the
popularity of charismatic megafauna, charismatic sessile
organisms, such as corals, are frequently investigated by
marine citizen science projects, accounting for 6.6% of proj-
ects in this review. Despite the popularity of projects involv-
ing charismatic taxa, studies focusing on lesser charismatic
organisms such as plankton (e.g. FjordPhyto available at
www.fjordphyto.wordpress.com; Secchi Disk available at
www.secchidisk.org) are growing in popularity, with esti-
mates showing ~110,900 volunteers are engaged in the
counting and identification of plankton in the Mediterranean
Sea and California currents through Plankton Portal (www.
planktonportal.org).

1.3.2 Participant Demographics

1.3.2.1 Participant Recruitment

At present, there is no quantification of the number of citizen
scientists actively involved in scientific research. However,
as it often entails limited/no cost, the number is likely to
exceed that of voluntourists (estimated at 10 million people
per annum by McGehee 2014). Citizen scientists involved in

marine research descend from a diverse array of backgrounds
and may have no formal training or qualifications in marine-
related subjects (Thiel et al. 2014). Participant recruitment
often occurs through collaborations with other established
nature organizations including conservation groups and
ocean water sport centres. These recreational users of the
marine environment, especially SCUBA divers (Martin et al.
2016), often have enhanced interests in marine life and its
preservation and are consequently attracted to opportunities
whereby they can expand their knowledge base and partici-
pate in research (Campbell and Smith 2006; Cohn 2008).
More recently, online tools (i.e. project websites and social
media) have provided a low-effort method of recruiting both
on- and off-site participants. This is partially due to the fact
that those with an interest in nature conservation are usually
connected with other like-minded people and/or groups
online, and consequently a positive loop of information shar-
ing is generated that benefits both citizen science outreach
and recruitment.

The majority of reviewed projects are open to participants
of any age, although several were noted to exhibit a prefer-
ence for adult participants (i.e. aged 18 and over); however,
this is often due to protocol complexity (see sect. 3.3 for a
review). In cases where the protocol requires species identi-
fication, adult participants are often designated as final deci-
sionmakers, although younger participants may assist under
supervision (e.g. Capturing our Coast available at www.cap-
turingourcoast.co.uk). In the case of projects that involve
SCUBA diving, only participants that meet the minimum
requirements (e.g. certification and/or experience level) are
permitted to partake. However, some variation among mini-
mum requirements is exhibited, for example, to certify as a
Reef Check Ecodiver, participants must be comfortable with
the use of a mask, snorkel and fins or be a certified SCUBA
diver (Reef Check 2018), while the requirements to become
a Seasearch Observer include being certified as a PADI
Advanced Open Water Diver (or equivalent) and having > 20
dives, of which > 10 should be in temperate waters (Seasearch
2018). Despite some background experience being required
in these instances for safety, none of the reviewed projects
required participants to have any educational background, as
they become trained and therefore specialists in the task
required (Hobson 2000). Furthermore, some projects allow
participant development to a level whereby they can become
project organizers, coordinators, or even lead authors in sci-
entific publications and/or identification guides (see Bowen
et al. 2011 for an example of an identification guide authored
by citizen scientists). An example includes Seasearch (avail-
able at www.seasearch.org.uk) that coordinates general sur-
veys that all participants may undertake, as well as a
‘surveyor’ level survey for participants that undertake
advanced training, and ‘specialist projects’ created by marine
biology experts and experienced volunteers. The latter may
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involve additional training but in some cases are open to
experienced divers that have no previous Seasearch experi-
ence (Bunker et al. 2017; Kay and Dipper 2018). This dem-
onstrates how well-designed and long-term projects can
satisfy participants from varied backgrounds and allow for
significant participant development.

1.3.2.2 Participant Training
Basic training of participants occurs across the majority of
marine citizen science projects and extends from written
instructions, to two—three-day training programs, especially
in projects involving specific methodological techniques/
protocols (Thiel et al. 2014). Within this review, 77 projects
provided some form of participant training, of which 29.9%
involved brief instructions, 53.2% involved basic training
(i.e. an event where an expert introduced the protocol to be
employed) and 16.9% included a > one-day training course.
Training of participants involved in projects that use simple
protocols (i.e. count or presence/absence surveys) (see sect.
3.3 for a review) primarily occurs through basic written
instructions on data sheets and at times video tutorials (Bravo
et al. 2009; Ribic et al. 2011). However, in projects that
require more complex protocols (i.e. quadrat or transect sur-
veys) and species identification, participants often attend a
compulsory > one-day training course, and it was noted that
many of these projects often also involve SCUBA diving.
Participant capabilities are usually assessed throughout the
training, although only six projects explicitly stated that they
verified participant capabilities. In addition, complex survey
techniques often require additional scientific equipment (e.g.
quadrats, transects, diving slates, identification guides, etc.)
that are costly, resulting in some projects (e.g. Reef Check
California, Mediterranean Sea and Tropical available at
www.reefcheck.org) requesting a fee to cover the cost of the
training and tools. Although this may limit the project’s
accessibility, it also ensures training quality and often
enhances the recruitment of highly motivated participants.
Citizen scientists contributing financially to projects might
consider it an investment, and they may in turn be more
likely to continue participating. However, this theory has yet
to be tested explicitly and represents the scope for future
research. Despite the multiple benefits of training, 25.8% of
projects required no training, and the majority of these are
reliant on incidental sightings (i.e. stranded animals or
marine debris) (McGovern et al. 2016). In the case of
stranded animals, citizen scientists report the sighting, and
professionals are then required for the subsequent removal,
identification and autopsy (Avens et al. 2009).

For the most part, the projects considered in this review
allow participants to conduct research without professional
supervision. Consequently, full explanatory training is key to

ensuring the collection of scientifically sound and high-
quality data (see sect. 3.4 for a review), and the length of the
training is somewhat correlated to the complexity of the pro-
tocol employed. Some projects further engage with partici-
pants through the organization of additional events and
courses in order to maintain project engagement and allow
for upskilling. An example of this is Capturing our Coast
(available at www.capturingourcoast.co.uk) that organizes
regular refresher events for trained participants to maintain
their survey/identification skills and to enhance data quality,
alongside engagement events such as ‘Wine and Science’
where participants are invited to talks by guest speakers that
cover a range of marine science disciplines. Beyond training,
many projects communicate with their participants through
their websites, newsletters and social media in order to keep
them up-to-date with the project progress and encourage fur-
ther participation. In addition, ‘group sourced identification
forums’ on websites and social media are growing in popu-
larity and may assist in participant engagement and increase
the accuracy of the citizen-collected data (Chamberlain
2018). Informal participant feedback has suggested that
online engagement strategies are becoming increasingly
important components of marine citizen science projects
(E. Morris-Webb, personal communication). However, there
is currently a lack of systematic reviews on the role of out-
reach tools in the retention of volunteers highlighting the
potential for future research in this area.

1.3.3 Tasks Undertaken

In order for citizen science projects to investigate the diverse
array of habitats and species mentioned previously, a hetero-
geneous range of methodologies are employed. Each project
must use methods that are appropriate to the field of enquiry
but that are within the capabilities of the participants recruited
(Worthington et al. 2012). Among the most popular are field
surveys (35.8%) and reporting of opportunistic sightings
(34.2%) (Fig. 1.3), which aligns with the findings of Thiel
et al. (2014). Field surveys primarily involve searches for
both live (e.g. Reef Check Tropical available at www.reef-
check.org/tropical/overview) and deceased organisms (e.g.
Beach COMBERS, available at www.mlml.calstate.edu/
beachcombers), as well as ecological phenomena (e.g.
Bleach Patrol available at www.ldeo.columbia.edu/bleach-
patrol), during predefined time periods or within predefined
areas such as transects and quadrats. Surveys generally
require citizen scientists to report findings of abundance or
presence/absence, although in some cases, parameters
uniquely designed for that project are requested, for exam-
ple, the reef coloration requested in the CoralWatch bleach-
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ing protocol (available at www.coralwatch.org). Other
surveys involve more novel methods, such as divers4ocean-
ography (available at www.divers4oceanography.org) that
asks SCUBA divers to report ocean temperatures recorded
on their dive computers, and Smartfin (available at www.
smartfin.org) that has designed a surfboard fin with sensors
that allows surfers to collect real-time ocean parameters
including temperature, location and wave characteristics
(sensors that measure salinity, pH, dissolved oxygen and
chlorophyll are under development). Surveying remains a
key methodology of marine citizen science projects due to its
cost-effectiveness, relative ease of implementation and abil-
ity to generate data across large spatio-temporal scales.
Opportunistic sightings again allow data to be generated
across vast scales and are at times a more time- and effort-
efficient method compared to quadrat and transect surveys
(Wiggins and Crowston 2011; Cox et al. 2012, 2015);
although for the most part, they are employed by projects
focusing on marine mammals, jellyfish and marine debris
(including both field and online projects).

Technological developments have allowed an increasing
number of projects to incorporate online citizen scientists to
analyse vast data sets of images and recordings (19.1%),
often through web portals such as Zooniverse. The popular-
ity of this method lies in the fact that its only limitation is the
often time-consuming preparation of the photos prior to
being uploaded online. Finally, a combination of advanced
technology and that fact that they are often focused on spe-
cific target organisms may explain why tagging (i.e. catch,
tag and release of organisms) and restoration (i.e. environ-
mental regeneration) were among the least used methodolo-
gies (1.6% and 0.8%, respectively) (Fig. 1.3).

1.3.4 Data Directionality

1.3.4.1 Data Quality

Citizen science strives to meet the same credibility standards
as academic research and industry; however, it is often sub-
ject to limited resources and consequently faces trade-offs
between data quantity and quality, protocol standardization
and discrepancies in skills and expectations of participants
and project facilitators/scientists (Robertson et al. 2010;
Tulloch et al. 2013). To maintain data quality, some projects
statistically compare results reported by citizen scientists to
those of professional scientists as a means of data validation
(Bell 2007; Worthington et al. 2012; Holt et al. 2013; Bird
et al. 2014; Thiel et al. 2014; Earp et al. 2018b). Within this
review, 19.2% of projects were found to validate their data in
some way, which is much lower than the 55.1% reported by
Thiel et al. (2014) in a similar investigation. However, an
increasing body of research has shown that data collected by
citizen scientists meets, or surpasses accepted quality stan-
dards, or detects important ecological trends (Cox et al.
2012; Forrester et al. 2015; Kosmala et al. 2016; Schlidppy
et al. 2017). In the study of Delaney et al. (2008), the accu-
racy of volunteers in identifying native and invasive crabs
was assessed and found to be between 80 and 95% accurate
for school children and even greater for those with a univer-
sity education, suggesting that demographic variables such
as age and educational background may be important drivers
of data quality. As a result, choosing a research topic to suit
the target participants is key to the success of a citizen sci-
ence project. In other studies, increasing experience level
(Jiguet 2009) and training of participants (Edgar and Stuart-
Smith 2009) (see sect. 3.2.2 for a review) were shown to
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positively correlate with data quality. In other cases, citizen
science data has been shown to demonstrate bias or
inaccuracies (Courter et al. 2013; Forrester et al. 2015; van
der Velde et al. 2017), but this can be minimized in data sum-
maries by examining broader-scale trends (e.g. family level
rather than species level) (Fore et al. 2001; Gouraguine et al.
2019) or excluding data from participants that differed sub-
stantially to data collected by scientists (Culver et al. 2010).
Irrespectively, perceptions on data quality remain a key fac-
tor influencing the publication of citizen science data
(Schldppy et al. 2017).

1.3.4.2 Data Publication
In recent years, an increasing number of peer-reviewed jour-
nal articles have focused on marine citizen science with
many incorporating participant-collected data. This was the
case for a minimum of 44 of the 120 reviewed projects that
have contributed data to at least 1483 peer-reviewed journal
articles. The majority of these publications (54%) were in
relation to chordates (Fig. 1.4), of which 70% focused on
marine mammals followed by seabirds (15.6%). Interestingly,
only 5.2% of chordate publications focused on groups such
as sharks and rays. Projects concentrating on diverse taxa
were also highly likely to contribute to publications (29.1%),
whereas <2% of publications focused on marine pollution.
Despite marine mammals and pollution being the focus
of comparable project numbers, the publication frequency
of marine mammal data is over 30 times greater than that
of marine pollution. This discrepancy may be due to the
fact that pollution is a relatively new trend in marine citi-

zen science, whereas the majority of marine mammal
projects are well established and commenced prior to
2008. Although the trend towards pollution-based studies
has allowed for vast data sets to be generated in seemingly
short time periods, the number of investigations (i.e. sur-
veys) was shown to have less of an influence on publica-
tion frequency compared to project duration (Fig. 1.5a).
Project durations vary from days to decades (Thiel et al.
2014), and of the projects that state their start date
(n = 103), the greatest percentage (24.3%) are currently
between 2 and 5 years in duration. Despite a limited cor-
relation between project duration and publication fre-
quency (Fig. 1.5b), short projects have a demonstrated
capacity to be published, for example, in the 2-day
‘bioblitz’ undertaken by Cohen et al. (2011) in Sitka
(Alaska), where citizen scientists collected data that con-
firmed a 1000 km northward extension of the colonial
tunicate Didemnum vexillum (Sundlov et al. 2016).

1.3.4.3 Policy Development

It is important to note that peer-reviewed journal articles are
not the only outlet for marine citizen science data, and in
some cases, especially in terms of marine pollution, the data
collected is more valuable for aspects such as informing pol-
icy or driving management (Newman et al. 2015; Burgess
et al. 2017). Marine legislation is often underpinned by evi-
dence from large data sets, and citizen science provides a
cost-effective method for their generation (Crabbe 2012;
Hyder et al. 2015). The importance of marine citizen science
in delivering evidence to support decision-making in marine
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Table 1.2 The primary policy area underpinned by reviewed marine
citizen science projects and the total number of publications generated
by projects in each of these areas

Number of | Number of

Policy Area projects publications
Biodiversity Species distribution | 43 790

MPA designation 7 166

Invasive non-native | 6 0

species

Stranding 4 211

Threatened and rare | 4 42

species

Other biological 31 184

research
Physical Oceanographical 4 2
environment research

Climate change 2 0
Pollution Marine debris 10 15

Water quality 4 15
Resource Fisheries 5 27
management

legislation was reviewed by Hyder et al. (2015), who classi-
fied four marine policy areas (biodiversity, physical environ-
ment, pollution and resource management) in which citizen
science had played a valuable role. Within our review, the
majority of projects (79.2%) were found to provide evidence
underpinning biodiversity conservation policies (Table 1.2).
Within this policy area, > 40% of projects investigated ques-
tions regarding species distribution, which was supported by
findings from a study by Hyder et al. (2015). Other popular
policy areas underpinned by the reviewed projects were: bio-
logical research (25.8%), marine debris surveying (8.3%),
marine protected area (MPA) designation (5.8%) and inva-
sive species tracking (5%) (Table 1.2).

1.3.4.4 Data Storage

Although the use of citizen science data varies, projects are
encouraged to make their data publicly accessible, yet in this
review, less than 10% of projects stored their data on a repos-
itory (e.g. NBN Atlas available at www.nbnatlas.org). In par-
ticular, all species survey data from reviewed citizen science
projects in the UK is stored on NBN Atlas, which is acces-
sible to the public and government for a range of purposes,
although some data limitations exist regarding commercially
sensitive/overexploited species. The majority of reviewed
projects instead made their data available through the project
website (50.8%), although 40% of projects kept their data
private or failed to disclose its location.

1.3.4.4.1 Species Distribution

The long-term observational data sets generated by citizen
science projects, which often extend beyond timescales of
standard research programs (i.e. two-three years), are also of

exceptional value in addressing questions regarding the
spatio-temporal distribution of marine organisms (Ponti
et al. 2011b; Mieszkowska et al. 2014). More recently these
data sets have become important in assessing the response of
organisms to climate change (Southward et al. 2005;
Mieszkowska et al. 2014). Climate change can induce so-
called shifts in marine species distributions, either towards
more favourable seawater temperatures or because of trophic
mismatches resulting from changes in prey phenology
(Visser and Both 2005; Cheung et al. 2009). Mieszkowska
et al. (2014) demonstrated some of the fastest geographic
range shifts in marine species in 50 years using citizen sci-
ence data collected as part of the Marine Biodiversity and
Climate Change (MarClim) project. Lusitanian species,
including Phorcus (previously Osilinus) lineatus and
Steromphala (previously Gibbula) umbilicalis (topshells),
Chthamalus montagui and Perforatus perforatus (barnacles),
as well as the limpet Patella depressa and the macroalga
Bifurcaria bifurcata, extended their range poleward, whilst
Boreal species, such as the barnacle Semibalanus balanoides
and the kelp Alaria esculenta, were shown to be important
indicator species that fluctuate in abundance in response to
periods of warming and cooling (Mieszkowska et al. 2014).
Although only two projects in this review investigated physi-
cal components of climate change (i.e. changes in tempera-
tures, pH and storm frequency), numerous projects (35.8%)
addressed questions regarding species distributions with sev-
eral of these providing information important for climate
change studies (e.g. information on coral bleaching that
results from climatic change).

1.3.4.4.2 Invasive Non-Native Species

Marine citizen science is not only a powerful tool in moni-
toring the distribution of native species but also the arrival
and encroachment of invasive non-native species (Delaney
et al. 2008; Parr and Sewell 2017), whose impacts on native
ecosystems remain poorly understood (Ruiz et al. 1997).
These species can go undetected for extended periods of
time (i.e. years) (Geller et al. 1997; Lohrer 2001), meaning
their subsequent eradication may be difficult, in part
because of large population sizes (Bax et al. 2001).
Consequently, monitoring for invasive species is of primary
importance so that early eradication can be conducted
(Delaney et al. 2008). In the USA, the Citizen Science
Initiative: Marine Invasive Species Monitoring Organization
(www.InvasiveTracers.com) used 190 groups of partici-
pants to survey 52 sites for a species of introduced Asian
shore crab (Hemigrapsus sanguineus), previously known
only to be present in Moores Harbour. They reported a
notable expansion of the range of H. sanguineus, with one
specimen being reported 60 km northeast of Moores
Harbour (Delaney et al. 2008). Some invasive species are
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not only detrimental to native ecosystems, but also to local
economies, for example, the carpet sea squirt (Didemnum
vexillum), which was discovered in the UK for the first time
by citizen scientists in a study conducted by Cohen et al.
(2011). D. vexillum is detrimental to shellfish aquaculture
with high abundances resulting in increased labour costs
and reduced product value (Watson et al. 2009; Adams
et al. 2011). Knowing the origin and arrival location of
invasive species is very important to model their potential
dispersion pathways, allow for early detection and in turn
limit further colonization of new areas (Ricciardi et al.
2000). The spatio-temporal scale at which citizen science
operates is therefore of exceptional value to invasive spe-
cies monitoring and benefits both scientific research and
industry. Although several of the reviewed projects (e.g.
Capturing our Coast available at www.capturingourcoast.
co.uk, Seasearch available at www.seasearch.org.uk and
Reef Check Mediterranean Sea available at www.reef-
checkmed.org) have trained volunteers to report sightings
of non-native species, they were the primary focus of only
5% of reviewed projects (Table 1.2), therefore demonstrat-
ing scope for significant expansion of marine citizen sci-
ence in this area.

1.3.4.4.3 Marine Debris

As part of an action to tackle a widespread and growing
issue, citizen scientists are helping to investigate marine
debris by contributing to vast global data sets that form the
basis of both political decisions and conservation policies
(Ryan et al. 2009; Eriksen et al. 2014; Hidalgo-Ruz and
Thiel 2013, 2015; Nelms et al. 2017). Although this policy
area was underpinned by only 8.3% of projects within this
review (Table 1.2), it has grown considerably in the past
decade, with more citizens sharing responsibility for the
issue and contributing to projects aiming to provide solutions
(Hidalgo-Ruz and Thiel 2015; Nelms et al. 2017). These
projects often involve simple beach clean-ups that provide
information on the distribution and abundance of marine
debris items (Ribic 1998; Martin 2013). Because of the sim-
plicity of the protocols, several citizen science projects
underpinning different areas of policy (i.e. biodiversity poli-
cies such as species distribution and stranding) have orga-
nized events to tackle marine debris issues and contributed to
litter recording databases. In the UK, citizen scientists
reported and collected over 10,866 plastic bottles as part of
the Marine Conservation Society Wild Bottle Sighting cam-
paign (www.mcsuk.org/bottlesightings). The awareness
raised and evidence collected through this, and other similar
campaigns (OSPAR 2010; Van Franeker et al. 2011), were
key to the decision of the UK government to develop a
Deposit Return System for plastic bottles and aluminium
cans as part of a plan to eliminate single-use plastic by 2042

(official press release available at www.gov.uk/government/
news/deposit-return-scheme-in-fight-against-plastic).

1.3.4.4.4 Marine Protected Areas

One method to protect and promote biodiversity is the des-
ignation of marine protected areas (MPAs) and Marine
Conservation Zones (MCZs); however to do this, patterns of
species distributions across vast spatio-temporal scales
(such as those covered by citizen science/scientists) are
required (Dickinson et al. 2010; Cerrano et al. 2012; Crabbe
2012; Markantonatou et al. 2013; Branchini et al. 2015;
Jarvis et al. 2015; Cerrano et al. 2017). Additionally, marine
citizen science is also an effective tool for monitoring MPAs
that is essential to support adequate management and to ful-
fil the requirements of the European Marine Strategy
Framework Directive (Directive 2008/56/EC) (Ponti et al.
2011a; Cerrano et al. 2017; Turicchia et al. 2017). This
review found that 5.8% of projects provided data that under-
pins MPA designation and/or monitoring (Table 1.2).
Despite this low percentage, the majority of these projects
were found to operate over extensive geographical ranges
(e.g. Reef Check available at www.reefcheck.org; eOcean
available at www.eoceans.co; SubseaObservers available at
www.subseaobservers.com). Since its establishment in
1996, Reef Check data has contributed to the establishment
and monitoring of several MPAs in regions with limited
funding for conservation policies (Cerrano et al. 2012), and
in the UK, the Seasearch data set that extends back to 1984
has contributed to the designation of 38 MCZs and several

other MPAs including Lamlash Bay No-Take Zone
(Seasearch 2018).
1.4  Challenges and Strengths of Marine

Citizen Science

1.4.1 Challenges

The rapid expansion of marine citizen science, coupled with
advancing possibilities and limited funding means, at pres-
ent, limited guidelines for good practice are in place, and
instead many facilitators are learning on the job (Silvertown
2009). Consequently, many projects face challenges, usually
in the form of participant motivation and/or data issues.

1.4.1.1 Participant Motivation

At the organizational level, motivation is one of the most
commonly referenced challenges facing citizen science
(Conrad and Daoust 2008; Conrad and Hilchey 2011;
Rotman et al. 2012), and it comes in two forms: (1) motivat-
ing outsiders to sign-up and begin participating and (2) moti-
vating participants to continue or expand their participation
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(Prestopnik and Crowston 2011; Rotman et al. 2012). To
motivate participants to sign up, some projects focus specifi-
cally on either charismatic organisms (Bear 2016; Garcia-
Soto et al. 2017) or accessible environments (Garcia-Soto
et al. 2017), or incorporate an activity (e.g. SCUBA diving)
into the protocol to engage participants who readily partici-
pate in this activity already (e.g. Seasearch available at www.
seasearch.org.uk). However, these strategies generate issues
including a data bias towards charismatic species and acces-
sible nearshore environments that may be of limited ecologi-
cal/scientific relevance, or if SCUBA diving is required, the
project may become cost and/or experience prohibitive to
certain participants. An often-unaddressed issue of citizen
science is accessibility, especially for participants with
impairments. For the most part, projects involve either a
physical task in a somewhat hazardous (i.e. slippy) environ-
ment, a highly skilful and intense activity (e.g. SCUBA div-
ing), or recording on small data sheets. Consequently,
participants with impairments may be limited to online
marine citizen science projects, unless a protocol can be
adapted to suit their needs.

Motivating participants to continue or expand their par-
ticipation is often a greater challenge, especially when the
project involves reporting ‘zero data’, which may be of sig-
nificant scientific importance, but it is often disengaging and
might result in declines in participation (Bear 2016). One
solution to maintain engagement that is also used to motivate
sign-ups and initial participation is gamification (Prestopnik
and Crowston 2011) and/or incentivization of the protocol
(e.g. the ‘Top Trumps’ format of the Capturing our Coast
‘Beach Babies’ survey, available at www.capturingourcoast.
co.uk/specific-information/beach-babies). For participants,
the more fun, or the greater the benefit they receive from
completing the work, the more likely they are to participate
(Prestopnik and Crowston 2011). In addition, feedback to
participants is of exceptional importance (Bonney et al.
2009; Silvertown 2009) and has been shown to increase and/
or maintain participation by demonstrating the value of their
contribution (Rotman et al. 2012). Research from Thiel et al.
(2014) supports this view, stating that public recognition of
participant effort is a significant motivator for participation
but that factors including personal satisfaction (i.e. wellbeing
impact of developing social connections and being outdoors)
and development of a skill base (i.e. greater understanding of
the scientific processes) are also important motivators.

1.4.1.2 Data Concerns

Another obstacle facing citizen science is perceptions regard-
ing data quality (see sect. 3.4 for a review), despite several
studies demonstrating that the data meets accepted quality

standards (Cox et al. 2012; Forrester et al. 2015; Kosmala
et al. 2016; Schldppy et al. 2017). These concerns often
relate but are not limited to a lack of attention to project
design and standardized data verification methods, limited
participant training and sampling biases (Conrad and Hilchey
2011; Burgess et al. 2017). Riesch and Potter (2014) postu-
lated that a lack of use of citizen science data in academia
may stem from the belief of some scientists that the data
would not be well received by their peers. In terms of policy
development, the United States Congress excluded volunteer
collected data from their National Biological Survey over
concerns that it would be biased based on environmentalist
agendas (Root and Alpert 1994). To address the issue of data
perceptions, Burgess et al. (2017) suggest greater transpar-
ency and availability of methods and data attributes that will
hopefully result from the generation of good practice guide-
lines and toolkits for citizen science (Silvertown 2009).
However, despite the shortcomings, many benefits of marine
citizen science have been documented. For this reason, the
development of a standard ‘impact assessment’, to assess
survey and data verification methods, as well as scientific
and socio-psychological benefits would be highly beneficial
to marine citizen science projects.

1.4.2 Strengths

The strengths of citizen science have been demonstrated to
extend across scientific, social and economic boundaries, as
well as underpinning several areas of marine policy (see sect.
1.3.4.3) (Delaney et al. 2008; Crabbe 2012; Mieszkowska
et al. 2014; Hidalgo-Ruz and Thiel 2015; Hyder et al. 2015;
Turicchia et al. 2015; Parr and Sewell 2017).

1.4.2.1 The Many Eyes Hypothesis

The ‘many eyes hypothesis’ has been used to describe the
efficiency of marine citizen science in generating data across
vast spatio-temporal scales and across multiple taxa
(Hochachka et al. 1999; Dickinson et al. 2012; Thomas et al.
2017). This hypothesis, in the case of animal aggregations,
shows a larger group size has extended individual feeding
times and an increased likelihood of detecting predators
compared to smaller groups (Lima 1995). When applied to
citizen science, it demonstrates that a network of citizen sci-
entists with clearly defined protocols and realistic survey
aims is capable of surveying vast areas (Ponti et al. 2011b;
Cerrano et al. 2012, 2017), which increases the chances of
detection of a species/phenomenon, increases replication
rates and decreases individual effort (Hochachka et al. 1999;
Thomas et al. 2017). This ‘many eyes’ effect has allowed
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citizen science to benefit landscape ecology and macroecol-
ogy research by covering extensive spatio-temporal scales
(Parmesan and Yohe 2003; Southward et al. 2005; Dickinson
et al. 2010, 2012; Mieszkowska et al. 2014; Schlidppy et al.
2017), alongside providing an efficient means for detecting
species with low abundances (e.g. rare or invasive species)
(Delaney et al. 2008; Dickinson et al. 2010, 2012).

1.4.2.2 Marine Stewardship

Appropriately designed projects not only have the potential
to broaden the scope of marine research and policy but also
reconnect participants with nature that in turn increases their
awareness of the current status of the marine realm and the
threats it faces (Brightsmith et al. 2008; Dickinson et al.
2010; Koss and Kingsley 2010; Garcia-Soto et al. 2017;
Cerrano et al. 2017; Schlidppy et al. 2017; Turicchia et al.
2017). Through marine citizen science projects, participants
may observe the impact of anthropogenic activities on
marine environments, which may promote a sense of owner-
ship and drive behavioural changes towards more sustainable
actions (Branchini et al. 2015; Cerrano et al. 2017). This
increased awareness may then be used to promote marine
stewardship, and in many cases, participants often become
advocates of marine conservation (Dickinson et al. 2010;
Cerrano et al. 2017; Garcia-Soto et al. 2017). The enhanced
ocean literacy, resulting from participating in marine citizen
science projects, combined with exposure to science through
other mediums (e.g. television documentaries and news arti-
cles) (Thiel et al. 2014) may also lead to greater support for
scientific advances and policy, as opposition often results
from a lack of understanding of the underlying science
(Schlédppy et al. 2017). This environmental stewardship also
forms the basis of compliance with marine management pol-
icies such as MPAs and can indirectly enhance their effi-
ciency (Evans et al. 2008; McKinley and Fletcher 2012).

nating project findings to participants, must be considered.
Overall however, the projects investigated within this review
demonstrated positive outcomes of collaborations between
members of the public and scientists. Citizen scientists
become specialized in the protocols used and in turn provide
quality data that increase the spatio-temporal coverage of
marine research (Thiel et al. 2014).

With our oceans and coasts in peril due to changing cli-
matic conditions and increasing anthropogenic activities
(Cigliano et al. 2015, Earp et al. 2018a), marine citizen sci-
ence provides a unique platform to discover, innovate and
address global challenges (i.e. species shifts and marine
debris) for which data is significantly lacking (Bear 2016).
As marine citizen science comes of age, although not pana-
cea, if it successfully keeps pace with the changing contexts
of marine ecological research, conservation needs and stake-
holder interests, its capacity to increase ocean literacy may
aid the development of culturally and politically feasible
solutions for a more sustainable future (McKinley et al.
2017; Schlédppy et al. 2017). With this in mind, it can be sum-
marized that the current benefits of marine citizen science
outweigh the challenges, and there is significant scope for
the development and incorporation of ‘science by the peo-
ple’ into marine research and conservation projects
(Silvertown 2009).
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1.5 Summary

At present, marine citizen science is at a crossroads of dem-
onstrated sucesses, unresolved challenges and unrealized
potential (Burgess et al. 2017). To resolve these challenges,
and fulfill its potential, citizen science practitioners must be
willing to acknowledge project shortcomings and work
together to align objectives and methodologies that ensure
the generation of high-quality data sets (Burgess et al. 2017).
In addition, the accessibility and feasibility of the project to
adiverse array of participants, as well as methods of dissemi-

Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 1: “Could citizen scientists and voluntourists be the
future for marine research and conservation?” The original
Call for Abstracts and the abstracts of the presentations
within this session can be found in the Appendix “Conference
Sessions and Abstracts”, Chapter “1 Could citizen scientists
and voluntourists be the future for marine research and con-
servation?”’, of this book.
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Supplementary Material

Table 1.A1 Name and website of the 120 marine citizen science projects reviewed in this manuscript

Marine Citizen Science Project

Website

Angling Project: Off The Hook

www.sharktrust.org/en/anglers_recording_project

B.C. Cetacean Sightings Network

www.wildwhales.org

Basking Shark Project www.sharktrust.org/en/basking_shark_project

Beach Environmental Assessment, Communication & Health www.ecology.wa.gov/Water-Shorelines/Water-quality/Saltwater/
(BEACH) BEACH-program

Beach Watch www.beachwatch.farallones.org

BeachObserver www.beachobserver.com

Big Seaweed search

www.bigseaweedsearch.org

Birding Aboard www.birdingaboard.org/index.html
Biscayne Bay Drift Card Study www.carthe.org/baydrift

Bleach Patrol www.ldeo.columbia.edu/bleachpatrol
Blue Water Task Force www.surfrider.org/blue-water-task-force

Cape Radd Citizen Science Day

www.caperadd.com/courses/citizen-science-day

Capturing our Coast

www.capturingourcoast.co.uk

CARIB Tails

www.caribtails.org’/home.html

Caribbean Lionfish Response Program

WWW.corevi.org

Chesapeake Bay Parasite Project

www.serc.si.edu/citizen-science/projects/chesapeake-bay-parasite-project

Clean Sea LIFE

cleansealife.it

Coastal Observation & Seabird Survey Team (COASST)

www.depts.washington.edu/coasst

Coastal Ocean Mammal & Bird Education & Research Surveys
(Beach COMBERS)

www.mlml.calstate.edu/beachcombers

Community Seagrass Initiative

WWWw.csi-seagrass.co.uk

Coral Reef Monitoring Data Portal

www.monitoring.coral.org

CoralWatch

www.coralwatch.org

Crab Watch

www.seachangeproject.eu/seachange-about-4/crab-watch

Delaware Bay Horseshoe Crab Spawning Survey

www.dnrec.alpha.delaware.gov/coastal-programs/education-outreach/
horseshoe-crab-survey

Delaware Shorebird Project

www.dnrec.delaware.gov/fw/Shorebirds

Digital Fishers www.oceannetworks.ca/learning/get-involved/citizen-science/digital-fishers
divers4oceanography www.divers4oceanography.org

Earthdive www.earthdive.com

eOceans WWW.eoceans.co

Fish Watchers www.fishbase.org/fishwatcher/menu.php

FjordPhyto www.fjordphyto.wordpress.com

Floating Forests

www.zooniverse.org/projects/zooniverse/floating-forests

Follow & Learn About the Ocean & Wetland (FLOW)

www.amigosdebolsachica.org/flow.php

Global Microplastics Initiative

www.adventurescientists.org/microplastic

Gotham Whale

www.gothamwhale.org/citizen-science

Grunion Greeters

WWW.grunion.org

Happywhale

www.happywhale.com

Horseshoe crabs as homes

www.sites.google.com/site/epibiont

IHO Crowdsourced Bathymetry

www.ngdc.noaa.gov/iho/#csb

iNaturalist www.inaturalist.org

Invader ID www.zooniverse.org/projects/serc/invader-id
iSeahorse www.iseahorse.org

JellyWatch www.jellywatch.org

Kelp Watch www.serc.si.edu/citizen-science/projects/kelp-watch

Long-term Monitoring Program & Experimental Training for
Students (LiMPETS)

www.limpets.org

(continued)
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http://www.jellywatch.org
http://www.serc.si.edu/citizen-science/projects/kelp-watch
http://www.limpets.org
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Table 1.A1 (continued)

Marine Citizen Science Project

Website

Manatee Chat

www.zooniverse.org/projects/cetalingua/manatee-chat

MangroveWatch

www.mangrovewatch.org.au

Manta Matcher

www.mantamatcher.org/overview.jsp

Marine Debris Monitoring & Assessment Project

www.marinedebris.noaa.gov/research/monitoring-toolbox

Marine Debris Tracker

www.marinedebris.engr.uga.edu

Marine Metre Squared (Mm?2)

www.mm?2.net.nz

MCS Wild Bottle Sightings

www.mcsuk.org/bottlesightings

Mitten Crab Watch

www.mittencrabs.org.uk

Monitor Tupinambas

www.zooniverse.org/projects/larissakawabe/monitore-tupinambas

New England Basking Shark & Ocean Sunfish Project

www.nebshark.org

New York Horseshoe Crab Monitoring Network

www.nyhorseshoecrab.org

North Atlantic Right Whale Sightings Advisory System

www.nefsc.noaa.gov/psb/surveys/SAS.html

Ocean Sampling Day www.microb3.eu/osd.html
Orcasound www.orcasound.net
OSPAR Beach Litter www.ospar.org/work-areas/eiha/marine-litter/beach-litter

Our Radioactive Ocean

www.ourradioactiveocean.org

Opyster Drills in Richardson Bay

www.serc.si.edu/citizen-science/projects/oyster-drill

Penguin Cam

www.penguinscience.com/education/count_the_penguins.php

Penguin Watch www.penguinwatch.org
Plankton Portal www.planktonportal.org
PlateWatch www.platewatch.nisbase.org

Puget Sound Seabird Survey (PSSS)

www.seattleaudubon.org/sas/About/Science/CitizenScience/
PugetSoundSeabirdSurvey.aspx

Redmap www.redmap.org.au

Reef Check California www.reefcheck.org/california/ca-overview
Reef Check Mediterranean Sea www.reefcheckmed.org

Reef Check Tropical www.reefcheck.org

Reef Environmental Education Foundation (REEF) www.reef.org

Reef Life Survey www.reeflifesurvey.com/reef-life-survey
Reef Watch www.conservationsa.org.au/reef_watch

Rescue a Reef

www.sharkresearch.rsmas.miami.edu/donate/rescue-a-reef

Satellites Over Seals (SOS)

www.tomnod.com

Scuba Tourism For The Environment

wWWwWw.steproject.org

Sea Star Wasting Disease

www.udiscover.it/applications/seastar

Seabird Ecological Assessment Network (SEANET)

www.seanetters.wordpress.com

Seabirdwatch

wWWwWw.zooniverse.org/projects/penguintom?79/seabirdwatch

Seagrass Spotter

WWW.seagrassspotter.org

Seagrass Watch

www.seagrasswatch.org

Sealife Survey

www.mba.ac.uk/recording/about

Seasearch

www.seasearch.org.uk

seaturtle.org

www.seaturtle.org

Seawatch Submit a Sighting

www.seawatchfoundation.org.uk

Send us your skeletons

www.fish.wa.gov.au/Fishing-and-Aquaculture/Recreational-Fishing/
Send-Us-Your-Skeletons/Pages

Sevengill Shark Identification Project

www.sevengillsharksightings.org

SharkBase www.shark-base.org
Sharkscount www.sharksavers.org/en/our-programs/sharkscount
Smartfin www.surfrider.org/programs/smartfin

Snapshots at Sea

www.zooniverse.org/projects/tedcheese/snapshots-at-sea

South Africa Elasmobranch Monitoring (ELMO)

www.elmoafrica.org

SubseaObservers

www.subseaobservers.com

Tag A Tiny

www.umb.edu/tunalab/tagatiny

Tangaroa Blue

www.tangaroablue.org

(continued)


http://www.zooniverse.org/projects/cetalingua/manatee-chat
http://www.mangrovewatch.org.au
http://www.mantamatcher.org/overview.jsp
http://www.marinedebris.noaa.gov/research/monitoring-toolbox
http://www.marinedebris.engr.uga.edu
http://www.mm2.net.nz
http://www.mcsuk.org/bottlesightings
http://www.mittencrabs.org.uk
http://www.zooniverse.org/projects/larissakawabe/monitore-tupinambas
http://www.nebshark.org
http://www.nyhorseshoecrab.org
http://www.nefsc.noaa.gov/psb/surveys/SAS.html
http://www.microb3.eu/osd.html
http://www.orcasound.net
http://www.ospar.org/work-areas/eiha/marine-litter/beach-litter
http://www.ourradioactiveocean.org
http://www.serc.si.edu/citizen-science/projects/oyster-drill
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http://www.platewatch.nisbase.org
http://www.seattleaudubon.org/sas/About/Science/CitizenScience/PugetSoundSeabirdSurvey.aspx
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http://www.redmap.org.au
http://www.reefcheck.org/california/ca-overview
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http://www.reefcheck.org
http://www.reef.org
http://www.reeflifesurvey.com/reef-life-survey
http://www.conservationsa.org.au/reef_watch
http://www.sharkresearch.rsmas.miami.edu/donate/rescue-a-reef
http://www.tomnod.com
http://www.steproject.org
http://www.udiscover.it/applications/seastar
http://www.seanetters.wordpress.com
http://www.zooniverse.org/projects/penguintom79/seabirdwatch
http://www.seagrassspotter.org
http://www.seagrasswatch.org
http://www.mba.ac.uk/recording/about
http://www.seasearch.org.uk
http://www.seaturtle.org
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http://www.fish.wa.gov.au/Fishing-and-Aquaculture/Recreational-Fishing/Send-Us-Your-Skeletons/Pages
http://www.fish.wa.gov.au/Fishing-and-Aquaculture/Recreational-Fishing/Send-Us-Your-Skeletons/Pages
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http://www.shark-base.org
http://www.sharksavers.org/en/our-programs/sharkscount
http://www.surfrider.org/programs/smartfin
http://www.zooniverse.org/projects/tedcheese/snapshots-at-sea
http://www.elmoafrica.org
http://www.subseaobservers.com
http://www.umb.edu/tunalab/tagatiny
http://www.tangaroablue.org
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Table 1.A1 (continued)

Marine Citizen Science Project

Website

TBF Tag & Release Program

www.billfish.org/research/tag-and-release

The Big Sea Survey

www.hlf.org.uk/our-projects/big-sea-survey

The Florida Keys BleachWatch Program

www.mote.org/research/program/coral-reef-science-monitoring/
bleachwatch

The Great Eggcase Hunt Project

www.sharktrust.org/en/great_eggcase_hunt

The Great Nurdle Hunt www.nurdlehunt.org.uk

The Plastic Tide www.theplastictide.com
The Secchi Disk study www.secchidisk.org

The Shore Thing www.mba.ac.uk/shore_thing

The Wetland Bird Survey (WeBS)

www.bto.org/volunteer-surveys/webs

TLC Juvenile Lobster Monitoring Program

www.lobsters.org/volunt/volunteer.html

trackmyfish

trackmy.fish

Wakame Watch

wakamewatch.org.uk

WDC Shorewatch Programme

www.wdcs.org/national_regions/scotland/shorewatch

Weddell Seal Count

www.zooniverse.org/projects/slg0808/weddell-seal-count

Whale FM whale.fm
Whale mAPP www.whalemapp.org
Whale Track whaletrack.hwdt.org

Whales as Individuals

www.zooniverse.org/projects/tedcheese/whales-as-individuals

Wildbook for Whale Sharks

www.whaleshark.org

All websites last accessed 24 June 2019 by the authors
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A Literature Review on Stakeholder
Participation in Coastal and Marine

Fisheries

Heike Schwermer, Fanny Barz, and Yury Zablotski

Abstract

Stakeholder participation is a fundamental component of
many states’ and local agencies’ fisheries legislations
worldwide. The European Common Fisheries Policy
(CFP), as one example, increasingly adopted a holistic
approach to managing marine living resources. An impor-
tant component of such an ecosystem-based management
approach is the consideration of knowledge, values, needs
and social interactions of stakeholders in decision-making
processes. However, despite that stakeholder participation
is a widely used term, a great variety of definitions exist,
which often cause misunderstanding. Stakeholder partici-
pation is often used as part of conducting research on
stakeholders but not in the context of their participation in
resource management. Here, we present the results of a
comprehensive literature review on the topic stakeholder
participation in coastal and marine fisheries. We identi-
fied 286 scientific publications in Web of Science of which
50 were relevant for our research questions. Publications
were analysed regarding (i) definition of stakeholder par-
ticipation, (ii) analysis of participating stakeholders, (iii)
applied participatory methods and (iv) intention for par-
ticipation. Stakeholder types addressed in the publica-
tions included, e.g. fishery (fishers and direct
representatives, N = 48), politics (policymakers and man-
agers, N = 31), science (N = 25) and environmental non-
governmental organizations (eNGOs, N = 24). In total, 24
publications labelled their studies as stakeholder partici-
pation, while stakeholders were only used as a study
object. We conclude that improving science and the prac-
tice of including stakeholders in the management of
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coastal and marine fisheries requires definitions of who is
considered a stakeholder and the form of participation
applied.

Keywords
Case survey method - Stakeholder types - Participatory
methods - Multiple Correspondence Analysis

2.1 Introduction

Stakeholder participation is a fundamental component of
many states” and local agencies’ fisheries legislations world-
wide (NOAA 2015). As an example, the Common Fisheries
Policy of the European Union increasingly adopted a holistic
approach to managing marine living resources (Commission
of the European Communities 2013). An important compo-
nent of such an ecosystem-based management (EBM)
approach is the consideration of knowledge, values, needs
and social interactions of resource users and other interest
groups in decision-making processes (Long et al. 2015).
Aanesen et al. (2014) established that in the case of fisheries
management, this implies having access to local ecological
knowledge of fishers to complement scientific data which is
often very limited. Furthermore, involving stakeholders is
expected to increase the legitimacy of the management by
creating understanding and support among the stakeholders
for management measures such as new regulations (Aanesen
et al. 2014). Moreover, stakeholders represent varying pref-
erences about a resource and, therefore, ideally enable pro-
cesses to reach sustainable management on different levels,
such as ecological and social. But the terms ‘stakeholder’
and ‘participation’ have become ‘buzz words’ in environ-
mental management (Voinov and Bousquet 2010). Deviating
definitions and explanations of both terms occur, and it is
often unclear what is actually meant by these concepts.
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We here reviewed worldwide case studies to investigate
how stakeholder participation is applied in research projects
concerning coastal and marine fisheries. The literature
review creates an overview of current meanings and methods
applied in this research field. The aim of our study is to high-
light and to critically discuss the application of the term
stakeholder participation and the significance of these find-
ings for future research projects in general and particular in
the field of coastal and marine fisheries. In our study, we
developed and applied nine questions to review and analyse
relevant publications. First, we investigated the publications
regarding the use of the term stakeholder. Here, we focused
on term definition, approach of analysing stakeholders as
well as on the stakeholder types involved in the case study.
Subsequently, we reviewed the publications in relation to the
term participation, again first focusing on term definition,
methods used related to the participation of stakeholders,
description and intention for participation. Finally, we anal-
ysed all publications to evaluate whether the publications
used participation as a tool for researching stakeholders
(research tool) or for conducting true stakeholder participa-
tion (participation tool).

Our study revealed that only few publications in the
research field of coastal and marine fisheries clearly defined
the terms stakeholder and participation. Furthermore, the
majority of publications labelled their studies as stakeholder
participation, while stakeholders were only used as a study
object. We conclude that improving the science and the prac-
tice of including stakeholders in the management of coastal
and marine fisheries requires definitions of who is consid-
ered a stakeholder and the form of participation applied.

2.2  Material and Methods

We conducted a systematic literature review using the case
survey method (Newig and Fritsch 2009), i.e. one article rep-
resented one analysis unit. Here, qualitative studies were
transformed into semi-quantitative data, applying a coding
scheme and expert judgements by multiple coders. The case
survey method allowed us to synthesize case-based knowl-
edge using at least two coders. We translated our research
steps (RS) into a research protocol, adapted after Brandt
et al. (2013), making RS repeatable and transparent. Our
study included five working steps (WS): data gathering (WS
1), data screening (WS 2), data cleaning (WS 3), paper
reviews (WS 4) and a statistical analysis of the collected data
(WS 5) (Table 2.1).

In WS 1 we derived relevant publications from the Web of
Science (WoS; www.isiknowledge.com), an extensive and
multidisciplinary database covering a large number of
scientific journals, books and proceedings in the field of nat-
ural science and technique, arts, humanities and social sci-
ences (ETH Ziirich 2018). We extracted articles published
within the period from 2000 to 2018, considering the estab-
lishment of participation in (environmental) decision-mak-
ing processes as a democratic right by the United Nations
Economic Commission for Europe’s 1998 Arhus Convention
and an increased use (Reed 2008). To ensure an establish-
ment in research publications, we started the review two years
later. Publications were collected by using the basic search
routine in the WoS (date of search: 16 May 2018) applying
the following keyword strings: (i) stakeholder — participa-
tion — fishery, (ii) stakeholder — involvement — fishery and

Table 2.1 The five working steps (WS) of our literature review on stakeholder participation in the field of coastal and marine fisheries consisted
of data gathering, data screening, data cleaning, paper review and statistical analysis. The review procedure and the results are presented for each

WS
Working step
(WS) Review procedure Result
1. Data Definition of Web of Science query (keywords: Bibliographical information of 286 potentially relevant
gathering stakeholder, participation/engagement/involvement, publications
fishery; 16 May 2018)
2. Data Screening of publications guided by the question: A total of 81 publications were identified
screening Are all three keywords listed within the title, abstract or
keywords of the publication?
3. Data Cleaning of publications guided by the questions: A total of 50 relevant publications were identified
cleaning i) Does the publication focus on coastal and marine
fisheries?
ii) Are the publications case studies?
4. Paper Content analysis of relevant publications using a set of Different definitions and methods regarding the topic
review nine research questions concerning the term stakeholder stakeholder participation in the field of coastal and marine
participation fisheries were identified
5. Statistical | Analysis of data using multiple correspondence analysis in | Results are presented in this review publication
analysis R
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(iii) stakeholder — engagement — fishery. We additionally
used the string ‘fisheries’ instead of ‘fishery’.

In WS 2 we screened all publications derived in WS 1;
we only further considered the publications that included
all three keywords stakeholder, participation/involvement/
engagement and fishery in (i) the title, (ii) the abstract or
(iii) the keywords. We also included publications that
either used the noun, the verb, i.e. to fish, to participate/
involve/engage, or the adverb of the keyword, like ‘fishing
community’.

For the data cleaning (WS 3), we used an inductive
approach to identify key issues of selected publications
based on two characteristics:

1. Focus of the publication — fisheries, freshwater or estua-
rine ecosystems, recreational fisheries or marine pro-
tected areas; management (e.g. fishery, coastal
management, EBM) or policy (e.g. Common Fisheries
Policy (CFP), Marine Strategy Framework Directives
(MSFD))

2. Study type of publication — a participation case study, a
meta-analysis of participation studies or participation
framework description

We here described policy as a set of rules or an estab-
lished framework; management was defined by general envi-
ronmental management approaches (e.g. ecosystem-based
management (EBM), coastal management) or explicit man-
agement measures.

In WS 3 we excluded publications with focus on freshwa-
ter or estuarine ecosystems, recreational fisheries and marine
protected areas. In addition, we discarded publications with
focus on coastal management and EBM as well as publica-
tions looking at political frameworks (CFP, MSFD). All
remaining publications focused on coastal and marine
fisheries.

We further only analysed publications that presented a
case study; in WS 3 we discarded studies that represented a
meta-analysis or theoretical participation framework descrip-
tion. We here defined a case study as “[...], analyses of per-
sons, events, decisions, periods, projects, policies,
institutions, or other systems that are studied holistically by
one or more methods. The case that is the subject of the
inquiry will be an instance of a class of phenomena that pro-
vides an analytical frame — an object — within which the
study is conducted and which the case illuminates and expli-
cates” (Thomas 2011). For an evaluation of the regional dis-
tribution, we also extracted the continent where the case
study has been conducted.

In WS 4 we analysed the content of the finally selected
papers applying a mixed-method approach. We evaluated the
publications based on 9s questions, investigating the terms
stakeholder (questions 1-4) and participation (questions

5-8) first separately and subsequently in combination (ques-
tion 9). The list of questions is shown in Table 2.2. We
applied a quantitative approach to investigate naming and
definition of both terms (questions 1-8, Table 2.2).
Furthermore, we applied an inductive approach to generate
categories for analysing derived data to elicit which type of
stakeholders, participation tools and intention categories for
participation were part of the research projects (questions 2,
6 and 8§, Table 2.2) (Mayring 1988). Eight stakeholder types
were distinguished in our analysis, i.e. science, politics, envi-
ronmental non-governmental organizations (eNGOs), fisher-
ies, fishery-related industry, recreational fisheries, public and
others. Although we excluded publications that focus on rec-
reational fisheries, this stakeholder type was part of the case
studies focusing on coastal and marine fisheries and, there-
fore, was included as one stakeholder type within our analy-
sis. The category ‘others’ included stakeholders that did not
fit into any of the other categories but have been explicitly
mentioned separately from them. We similarly analysed
questions 6 and 8. Here, we distinguished between 11 par-
ticipatory methods, i.e. workshop, interview, meeting, dis-
cussion, survey, questionnaire, modelling, coordination,
mapping, presentation and conversation, and 10 infention
categories, i.e. analysis, assessment, definition, description,
development, establishment, evaluation, feedback, identifi-
cation and improvement. Related to the description in the
publications, we distinguished between active and passive
participatory methods: active ones describing methods that
directly involved stakeholders in decision-making processes;
passive participatory methods had been described to support
the participatory process but not to involve the stakeholders

Table 2.2 Nine questions used to review the identified case studies in
coastal and marine fisheries management. The terms stakeholder (ques-
tions 1-4) and participation (questions 5-8) were investigated sepa-
rately and in combination, i.e. stakeholder participation (question 9)

Question

1. How is the term stakeholder defined?

2. Which types of stakeholder are part of the
research project?

3. Was a systematic approach used to analyse
stakeholders?

4. Which stakeholder analysis approach was
used?

5. Was the term participation/engagement/
involvement defined?

Term
Stakeholder

Participation

6. Which participation/engagement/involvement
methods were mentioned?

7. How was the participation/engagement/
involvement method described?

8. What was the aim of using participation within
this project?

9. Is the described participation/engagement/
involvement tool used for analysing stakeholders
(research tool) or for involving stakeholders
(participation tool)?

Stakeholder
participation
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Fig. 2.1 Number of research
publications published from
2000 to 2018 dealing with
case studies in coastal and
marine fisheries as found by 61
Web of Science (keywords:
stakeholder, participation/
engagement/involvement,
fishery) as of May 2018.
Black line represents the
linear regression with 95%
confidence intervals; the grey
area indicates the confidence
band (R? = 0.6045,

p = 0.000645)

Number of publications

in research or management (decision-making processes).
Participatory methods and intention categories were
extracted according to the mention in the publications.
Related to the participatory methods, we also determined
whether preparatory work was done using an inductive
approach.

Eventually, we investigated whether (i) the case studies
conducted participation to gather knowledge from stake-
holders but without engaging these stakeholders in a
decision-making process (research tool) or (ii) stakeholders
had a direct influence on data interpretation and decision-
making processes (participation tool).

In the final working step (WS 5 — statistical analysis), we
used Multiple Correspondence Analysis (MCA) to explore
the relationships between stakeholder types. MCA is able to
uncover correlations (i.e. similarities, grouping) in otherwise
inconvenient survey data (Higgs 1991) and was designed to
apply on multiple binary (or nominal) variables (e.g. our cat-
egories stakeholder ‘science’: absent = 0, present = 1; stake-
holder ‘public’: absent = 0, present = 1), all of which had the
same status (Abdi and Valentin 2007). MCA explores the
patterns in data by measuring the geometric proximity
between stakeholder types (e.g. science and public) using
weighted least squares (Abdi and Valentin 2007) and graphi-
cally represents the proximity of the categories on a simple
plane, i.e. correspondence map. Thus, MCA allows finding
similarities between categories based on the chi-square dis-
tance between them and using the percentage of the explained
variance to the new (reduced) dimensions. More details
related to the method of MCA can be found in the original
work Greenacre (1984). We used MCA to answer the ques-
tion: Which stakeholder types often appear together in the
reviewed publications?

2010 2015

Year

2005

2.3  Results
We identified in total 286 scientific publications, which we fur-
ther analysed according to our review protocol (see Sect. 2).

Of 286 publications, in total 81 contained all keywords of
which 56 publications had their emphasis on coastal and
marine fisheries. 50 publications out of 56 were categorized
as case studies and were further analysed in our study
(detailed description in Table 2.A1 of the Supplementary
Material).

The number of publications that focused on stakeholder
participation significantly increased within the last 18 years
(Fig. 2.1). In 2015, a maximum value of eight was reached.
The majority of the case studies was conducted in Europe
(N = 18), North America (N = 11) and Australia (N = 9).

2.3.1 Paper Review: Stakeholders

2.3.1.1 Term Definition

We identified four publications defining the term stakeholder
(Brzezinski et al. 2010; Haapasaari et al. 2013; Tiller et al.
2015; Kinds et al. 2016) (Fig. 2.2a). Even though they
defined the term more indirectly and in general, Brzezinski
et al. (2010) stated stakeholders as members of a particular
group that hold a personal stake. They referred to Olson
(1965) to suggest that the increase of the personal stake of
these members will lead to an increase of their participation
in regulatory processes. Haapasaari et al. (2013) described
stakeholders as a group of people having a stake and contrib-
uting towards a knowledge base for fisheries management.
On the other hand, Kinds et al. (2016) focused on stakehold-
ers as all people and organizations (here producer organiza-
tions), which are actively involved in the fishing sector. Tiller
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Fig. 2.2 Review of 50 research publications presenting case studies in
coastal and marine fisheries (as of May 2018). (a) Term definition of
participation and stakeholder; we distinguished between participation
(grey) and participation-related terms (light grey), e.g. participatory

et al. (2015) took a deliberate look into the literature, refer-
ring to Freeman (2010). Freeman (2010) defined stakehold-
ers as any group or individual who can affect, or is affected
by, the achievement of the organization’s objectives (Freeman
2010). Tiller et al. (2015) continued to criticize this defini-
tion as too broad; it allows the inclusion of nearly everyone
as a stakeholder.

2.3.1.2 Stakeholder Analysis

Durham et al. (2014) stated that the selection of stakeholders
strongly determines the outcome of the participation process.
They, therefore, recommended to systematically select stake-
holders based on the objective and impact of research. We,
therefore, analysed the publications, looking for the descrip-
tion or reference of stakeholder analysis processes.

In our review corpus, 15 out of 50 publications applied
methods to get an understanding of who their stakeholders
are (Fig. 2.2b). We evaluated publications as using stake-
holder analysis approaches if the case studies did not decide
on stakeholder groups or stakeholder individuals (referring
to Durham et al. 2014) but researched for them systemati-
cally. Three out of 15 publications defined stakeholder
groups, three determined stakeholder groups as well as indi-
vidual stakeholders and the remaining nine out of 15 case
studies selected individual stakeholders out of a priori stake-
holder groups.

Gray etal. (2012), Kinds et al. (2016), as well as Sampedro
et al. (2017) evaluated stakeholder groups that were involved
in past fisheries research and management; thereby, they
have chosen the group of stakeholders they wanted to involve
in their current research projects. Pristupa et al. (2016)
applied three different approaches; on the one hand, they did
not want to overlook a major stakeholder, and on the other
hand, they aimed to identify the most knowledgeable indi-

management, participatory research and participatory action research;
(b) method application for participation (e.g. interview, workshops and
questionnaire) and stakeholders (e.g. snowball sampling); (c) the use of
stakeholder participation, either as a participation or research tool

vidual within the appropriate stakeholder group: first they
extracted information from reports and open-access informa-
tion such as Marine Stewardship Council reports, interviews
on specialized websites and scientific reports. Second, they
identified stakeholders during a thematic conference, which
was also used to establish contacts. Third, recommendations
by fisheries experts were accumulated using the snowball
approach (Pristupa et al. 2016). Different to the previous
case studies, Miller et al. (2010) used two approaches to
select relevant stakeholders. First, stakeholders were selected
due to history, perspectives and relationships among those
with a stake in a specific fishery (Miller et al. 2010). Second,
relevant stakeholders should be knowledgeable and influen-
tial in their community as well as open minded for different
views (Miller et al. 2010). Further, Mahon et al. (2003) ana-
lysed stakeholders based on public records before organizing
discussion meetings where individual stakeholders were
singled out.

Additionally, nine publications described methods that
were applied to identify individual stakeholders, either
within presumed stakeholder groups or randomly. Butler
et al. (2015), Bitunjac et al. (2016) and Stratoudakis et al.
(2015) based their choice of individual stakeholders on their
long-time experience and their knowledge of the topic stud-
ied. Bitunjac et al. (2016) selected stakeholders of which the
authors assumed to have a leading influence within their
group and were, therefore, seen as representatives of their
stakeholder group. Catedrilla et al. (2012), Kerr et al. (2006)
and Murphy et al. (2015) had chosen fishers as individual
stakeholders by sampling them from a registration list in
their field of interest. Lorance et al. (2011) and Thiault et al.
(2017) selected the stakeholders at random. Lorance et al.
(2011) advertised workshops widely and, therefore, could
not directly influence attendance; Thiault et al. (2017) did
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sampling among all households in their area of interest with-
out focusing on a specific stakeholder group. Kittinger
(2013) first conducted a snowball sampling followed by a
‘purposive sampling approach’ — a deliberately selective
approach choosing knowledgeable individuals.

2.3.1.3 Stakeholder Types

Overall the stakeholder type ‘fishery’ had the highest fre-
quency of appearance within all publications, followed by
‘politics’, ‘science’ and ‘eNGO’ (Table 2.3). In five publica-
tions, ‘fishery’ was considered as the only stakeholder
(Clarke et al. 2002; Catedrilla et al. 2012; Eveson et al. 2015;
Tiller et al. 2015; Thiault et al. 2017). Except for Catedrilla
et al. (2012), these publications aimed at getting information
about the spatial distribution of fishing grounds. Two case
studies (Fletcher 2005; Dowling et al. 2008) did not name
‘fishery’ as a stakeholder but noted that fishers were involved
in the conducted case study.

‘Politics’, ‘science’ and ‘eNGO’ were targeted in about
half of the studies. Nonetheless, 12 case studies did not con-
sider any of these three stakeholders at all (e.g. Mitchell and
Baba 2006; Appledorn et al. 2008; Cox and Kronlund 2008).
The stakeholder type ‘others’ mostly represented a business
or the like (e.g. Carr and Heyman 2012; Butler et al. 2015).
‘Public’ stakeholders were mainly seen as community mem-
bers (Kittinger 2013; Eriksson et al. 2016) or consumers
(Mahon et al. 2003), who, therefore, did not have a primary
economic or political interest in fisheries.

‘Related industry’ was described as processing and sell-
ing industry that was directly associated with fisheries and so
depended on this stakeholder type (e.g. Cox and Kronlund
2008). ‘Related industry’ was considered 16 times in the

Table 2.3 Identified stakeholder types presented by case studies in
coastal and marine fisheries (as of May 2018) and ranked by the fre-
quency of their appearance (N). Description of stakeholder types cor-
responds to the one mentioned in the publication under review

Stakeholder

type Description of stakeholders N

Fishery Fishers and their direct representatives 48

Politics Government officials, local and village 31
officers

Science Academic scientists 25

eNGO Environmental non-governmental 24
organizations

Others E.g. local businesses, leaders of the tourism 17
sector, leaders of other community-based
associations

Related Processing and selling businesses 16

industry

Public Community members, representatives from 7
public organizations, consumers

Recreational | Representatives of recreational fishery 5

fishery

reviewed case studies and differed widely in their topics in
which context these stakeholder groups emerged, e.g.
bycatch (Bojorquez-Tapia et al. 2016), stock assessment
(Smith et al. 2001) or compliance (Garza-Gil et al. 2015).
‘Recreational fishery’ was represented in five publications,
two in Australia (Fletcher 2005, Mitchell and Baba 2006)
and three in North America (e.g. Miller et al. 2010; Gray
et al. 2012; Murphy et al. 2015), all of them focused on man-
agement processes.

2.3.1.4 Relationships Between Stakeholder
Types

We applied a multiple correspondence analysis to evaluate
the occurrence of certain stakeholder clusters. 48 publica-
tions included ‘fishery’ as a stakeholder, but this stakeholder
type did not group with other stakeholders and, therefore,
lessened the meaningfulness of other stakeholders. For this
reason, we decided to exclude ‘fishery’ from the MCA, which
resulted in a higher percentage of the variance explained by
the dimensions. As a result, very similar variable clusters of
categories appeared and were, therefore, easier to interpret.
‘Others’ were also excluded from the MCA; by definition
this stakeholder type showed a great variety, and, therefore,
interpretation of the data would be difficult.

Ideally, dimensions should be used to interpret the data
whose eigenvalues exceed the mean of all eigenvalues (0.17).
For this reason, we included three dimensions into our analy-
sis, which together accounted for over 70% of the variance.
Here, it is important that the dimensions obtained are hierar-
chical. Dimension 1 formed the strongest dimension (Diml,
Fig. 2.3, Table 2.A2 of the Supplementary Material), i.e.
singled out ‘science’, ‘eNGO’ and ‘politics’, and explained
31.6% of the variance. Further, these three stakeholder types
had the highest number of mentions after ‘fishery’.
Dimension 2 (Dim 2, Fig. 2.A2a of the Supplementary
Material) focused on ‘recreational fishery’ and ‘related
industry’, accounting for 21.8% of the variance. Although
‘recreational fishery’ was only considered in five case stud-
ies, this stakeholder type showed a strong contribution
towards dimension 2. Also, explanatory power was increased
by sharing contribution with ‘related industry’. Less vari-
ance (17.7%) was explained by dimension 3, which was
dominated by ‘public’ (Dim 3, Fig. 2.A2b, Table 2.A1 of the
Supplementary Material).

Subsequently, MCA was applied separately to case stud-
ies from North America (N = 10) and Europe (N = 18)
(Fig. 2.A3a-c of the Supplementary Material). The results of
the MCA that was performed on North America case studies
showed a similar picture as in Fig. 2.3, although these case
studies did not dominate the review corpus. Even though
‘science’, ‘eNGO’ and ‘politics’ showed a strong contribu-
tion in different dimensions, these stakeholder types could
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Fig. 2.3 Panel a of the visualization of correlation between dimension
1 (Dim1) and dimension 2 (Dim2), showing the variance of stakeholder
types in 50 research publications of case studies in coastal and marine
fisheries (as of May 2018) using multiple correspondence analysis
(MCA). Figure shows which types of stakeholders are mostly corre-

still be found as a group. In dimension 2 ‘related industry’
and ‘recreational fishery’ were displayed in the negative
area; the other stakeholder types moved from the negative
area of dimension 2 into the positive area. ‘Related industry’
and ‘recreational fishery’ were also grouped together with a
high contribution as seen in Fig. 2.A3a (Supplementary
Material); ‘public’ was found apart.

We showed clearly that in European case studies, ‘related
industry’ and ‘public’ as well as ‘science’ and ‘eNGO’
grouped together. ‘Politics’ was rather set apart and did not
contribute much to dimension 1. ‘Politics’ solely dominated
dimension 3; ‘recreational fishery’ did not appear in the case
studies conducted in Europe.

2.3.2 Paper Review: Participation

2.3.2.1 Term Definition

In total, four publications defined the term participation
(Brzezinski et al. 2010; Tiller et al. 2015; Pristupa et al.
2016; Sampedro et al. 2017); three publications described
participation-related terms (Kittinger 2013; Hara et al. 2014;
Trimble and Lazaro 2014) (Fig. 2.2a). After Sampedro et al.
(2017), participation could take many different forms, e.g.
from planning (Neis et al. 1999; Johannes and Neis 2007;
Johnson and van Densen 2007) to co-management experi-
ences (Berkes 2003; Wilson et al. 2003). Participation was
described as a role that benefits the participating stakehold-
ers (Brzezinski et al. 2010) and a strategy of involving the

lated, i.e. regarding stakeholder participation in coastal and marine fish-
eries, ‘eNGO’, ‘politics’ and ‘science’ are often addressed together.
Panels b and c¢ of the MCA results for correlation of dimension 2
(Dim2) and 3 (Dim3) as well as dimension 1 (Dim1) and 3 (Dim3) are
presented in Fig. A2 of the Supplementary Material

stakeholders in decision-making processes (Tiller et al.
2015). Further, dependent on the strategy of involvement,
stakeholders could get further responsibilities in the results
of the conducted participatory process (Tiller et al. 2015).
Moreover, participation referred to the type and level of
stakeholder or beneficiary involvement (Hickey and Kothari
2009; Pristupa et al. 2016). Pristupa et al. (2016) explained
that countries had developed a whole range of formal mecha-
nisms stipulating citizens and stakeholder participation, e.g.
consultations, referendums and elections; the participation
of the private sector was still challenging.

Within three case-study publications, participatory-
related terms had been described, e.g. participatory manage-
ment (PM, Hara et al. 2014), participatory research (Trimble
and Lazaro 2014) and participatory action research (PAR,
Kittinger 2013). PM or co-management was defined as an
institutional and organizational arrangement for effective
management between government and user groups (Hara
et al. 2014). The function of PM was described as the sharing
of power and the responsibility for the management decision-
making, the encouragement of partnerships and provision of
user incentives for sustainable use of resources (Wilson et al.
2003; Hara et al. 2014). Participatory research was defined
as one way to create power sharing between researchers and
communities for, e.g. developing resource management
strategies (Arnold and Fernandez-Gimenez 2007; Trimble
and Lazaro 2014). Related to the degree of participation or
the relationships between researchers and the community,
different modes of participatory research occurred (Trimble
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and Lazaro 2014), e.g. contractual, consultative, collabora-
tive and collegiate (Biggs 1989), co-option, compliance,
consultation, cooperation and co-learning (Kindon 2008).
Kittinger (2013) used the term PAR, which is defined as a set
of approaches related to the involvement of researchers and
community members working collaboratively in the vision-
ing, goal-getting, data gathering as well as assessment phases
of research (Whyte et al. 1989; Kittinger 2013).

2.3.2.2 Participatory Tools

In contrast to the definition of participation, 45 publications
focused on the description of participatory tools (Fig. 2.2b).
We identified 11 participatory tools, which were divided into
nine active and two passive participatory tools (Fig. 2.4).
Active participation tools included workshops (N = 20),

2010 2015

Year

2005

interviews (N = 19), meetings (N = 15), discussions (N = 15),
questionnaires (N = 9), surveys (N =9), modelling (N = 19),
conversation (N = 3) and mapping (N = 2). Coordination
(N =5) and presentations (N = 3) represented passive partici-
pation tools (Fig. 2.4).

We detected no changes in the number of publications
over time using passive methods. In contrast, we found a
significant increase in the number of case studies applying
active methods with a peak in 2015 (N = 19) (Fig. 2.5).

Table 2.4 presents utilized tools and related sub-tools.
Here, the highest number of sub-tools was presented by
interviews, including sub-tools (N = 14), e.g. semi-structured
interview (e.g. Carr and Heyman 2012; Stohr et al. 2014;
Yates and Schoeman 2015; Rivera et al. 2017), unstructured
interview (Hara et al. 2014) and key informant interview



2 A Literature Review on Stakeholder Participation in Coastal and Marine Fisheries 29

Table 2.4 List of active as well as passive participation tools and
including sub-tools, described within 50 research publications present-
ing case studies in coastal and marine fisheries (as of May 2018)
between 2000 and 2018

Participation
tool

Workshop

Participation sub-tool

Stakeholder workshop, 1-day
workshop, 2-day workshop,
participatory workshop, structured
stakeholder workshop, value workshop,
gaming workshop

Roundtable meeting, joint planning
meeting, information meeting,
face-to-face meetings, working group
meeting, plenary meeting, group
meeting, sub-group meeting,
stakeholder group meeting,
management group meeting

Active

Meeting

Structured interview, semi-structured
interview, unstructured interview,
personal interview, key informant
interview, in-depth interview, one-on-
one interview, face-to-face interview,
structured face-to-face interview,
face-to-face semi-structured interview,
open-end face-to-face interview, formal
interview, informal interview,
qualitative interview

Interview

Conversation | Dialogue, informal conversation,

focused conversation

Discussion Group discussion, focus group, forum
discussion, open discussion,

stakeholder advisory panel

Questionnaire | Structured interview questionnaire,
e-mail-based questionnaire, follow-up

questionnaire

Survey Large-scale interview survey, face-to-
face interview survey, online survey, in
situ survey, attitudinal survey

Tool, participatory modelling, Bayesian

belief network

Modelling

Mapping Cognitive mapping, fuzzy cognitive
mapping
Voting, rating, evaluation

Video, poster, exhibition, tableaux

Passive | Coordination

Presentation

(Eriksson et al. 2016). Meetings and workshops showed the
second and third highest number of sub-tools. Here, meet-
ings were presented, with sub-tools (N = 10), e.g. roundtable
meeting (Kerr et al. 2006), joint planning meeting (Kittinger
2013) and face-to-face meeting (Miller et al. 2010). However,
workshops were shown, including sub-tools (N = 7), e.g.
stakeholder workshop (Eriksson et al. 2016; Burdon et al.
2018) and participatory workshop (Bojorquez-Tapia et al.
2016). Passive participation methods included coordination,
with sub-tools (N = 3), e.g. voting (Miller et al. 2010; Thiault
et al. 2017; Zengin et al. 2018), rating (Goetz et al. 2015),

evaluation (Cox and Kronlund 2008) and presentation,
including sub-tools (N = 4), e.g. video (Clarke et al. 2002),
poster (Kerr et al. 2006), exhibition (Kerr et al. 2006) and
tableaux (Kerr et al. 2006). We also determined whether pre-
paratory work was performed and described within the case
studies under review. Among others, observations (Delaney
et al. 2007; Granados-Dieseldorf et al. 2013; Trimble and
Berkes 2013; Stohr et al. 2014; Trimble and Lazaro 2014,
Mabon and Kawabe 2015), fieldwork (Mabon and Kawabe
2015; Sampedro et al. 2017) and visits (Kerr et al. 2006)
were carried out. Furthermore, newsletters (Kerr et al. 2006)
and e-mails (Lorance et al. 2011) were sent out to call for
participation within different stakeholder types. Moreover,
telephone calls (Kerr et al. 2006) were made, and consulta-
tions took place, e.g. consultation with stakeholders (Cox
and Kronlund 2008; Mapstone et al. 2008; Williams et al.
2011).

2.3.2.3 Intention for Participation

Within this review, we looked at the diversity of the intention
for participation; we classified these intentions as types and
sub-types (Table 2.5).

The intention types identification (N = 20), with sub-
types, e.g. target species (Fletcher 2005), ways of communi-
cation (Zengin et al. 2018), stakeholder characteristics
(Bojorquez-Tapia et al. 2016; Kinds et al. 2016; Burdon
et al. 2018) and assessment (N = 12), with sub-types, e.g.
management system (Lorance et al. 2011), knowledge (Carr
and Heyman 2012) and data (Catedrilla et al. 2012) occurred
most often (Fig. 2.6). Establishment (N = 5), development
(N =7), evaluation (N =7) and improvement (N = 7) occurred
moderately often (Fig. 2.6). Less widely used were analysis
(N = 3), definition (N = 2), description (N = 2) and feedback
(N =2) (Fig. 2.6).

Establishment (N = 10), assessment (N = 7) and identifi-
cation (N = 7) had the most sub-types within the case studies
under review. Improvement (N = 5), development (N = 4)
and evaluation (N = 4) showed a moderate diversity of sub-
types, whereas feedback (N = 2), e.g. feedback from stake-
holders on the meeting (Dowling et al. 2008), as well as
description (N = 2), e.g. knowledge about socio-ecological
systems (Gray et al. 2012) and management implications
(Smith et al. 2001) presented the lowest diversity of
sub-types.

2.3.3 Reflection on the Joint Term
Stakeholder and Participation

In the final evaluation, we analysed the application of stake-
holder participation as one term. We first evaluated whether
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Table 2.5 Types and associated sub-types of intentions for participa-
tion determined within 50 research publications focusing on stake-
holder participation in coastal and marine fisheries from 2000 to 2018

Sub-type
Stakeholders’ perception
Mental models

Type
Analysis

Management system

Management system (e.g. adaptive
co-management, history of management
implementation)

Assessment

Ideas of alternative livelihood

Knowledge (e.g. fishers ecological knowledge),
perception and attitude of stakeholders

Method success

Data (e.g. interviews, socioeconomic
characteristics)

Solution on regional level

Effectiveness of collaboration between
stakeholders

Criteria for evaluation

Objectives

Management implications

Definition

Description Knowledge of socio-ecological system (SES)
Management implications
Consensus-building

Comprehensive map

Development

Stakeholder-driven scenarios
Criteria for participatory research
Co-management mechanism
Collective research agenda

Establishment

Vision for future fisheries management
Comprehensive map of predicting fishing effort
Guidance for scientists

Scientific advice

Theory of causal mechanisms

Platform for information and decision-making

Stakeholder-driven scenarios

Clear and open views

Evaluation Mental models

Harvest policies
Results from interview (cross-checking)
Fishery and management system

Feedback Forecast content

Meeting

Stakeholders’ characteristics (e.g. attitude,
perception, wishes, concerns, knowledge (local
ecological knowledge, fishers ecological
knowledge)

Information (e.g. socio-ecological)

Identification

Target species

Objectives (e.g. criteria, uncertainties, drivers,
consequences, human dimensions, population
needs, reference points)

Weakness of fishery system

Range of quantifiable objectives and strategies

Ways of communication

(continued)

Table 2.5 (continued)

Sub-type
Stakeholder participation, relationships and
requirements

Type
Improvement

Management

Socio-economic drivers
Data
Website

stakeholder participation was used for doing research on
stakeholders or if the case studies were conducted with the
participation of stakeholders. Overall, 24 publications uti-
lized the term stakeholder participation for the research on
stakeholders (research tool); 21 publications used stake-
holder participation in their conducted case study (participa-
tion tool). Within five case studies, it was uncertain whether
stakeholder participation was used or not (Fig. 2.2c).

In the case study conducted by Kinds et al. (2016), the
term stakeholder participation was used to describe the
development of a sustainability tool with the direct input
from users, i.e. fishers. Here, the wishes and preferences of
stakeholders were recognized and implemented to improve
the output of the utilized tool but not to influence decision-
making processes (research tool). Rivera et al. (2017) carried
out semi-structured interviews to assess stakeholders’ per-
ceptions to identify management, biology and socioeco-
nomic drivers related to the gooseneck barnacle fishery in
Spain. This case study used the term stakeholder participa-
tion, but no influence on the management by stakeholders
was mentioned (research tool). Tiller et al. (2015) applied an
integrated approach of two methods, Systems Thinking and
Bayesian Belief Networks, to elicit stakeholders’ opinions
through participatory engagement. Both methods were used
to investigate, e.g. how stakeholders perceive the ecological
system in the Trondheimsfjord, but with no further impact on
decision-making processes (research tool). Through the
method of Systems Thinking, shared mental models of the
ecological system in the Trondheimsfjord were developed.
Bayesian Belief Networks were further used for exploration
of the priority issues as well as to represent causal relation-
ships between defined variables. In contrast, Trimble and
Berkes (2013) presented the concept of participatory
research, i.e. involving fishers and policymakers as well as
managers among other stakeholders in the case of a sea lion
population and a fishery in Uruguay. Within this case study,
stakeholders, e.g. fishers had an impact on decision-making
processes related to the management of the sea lion popula-
tion (participation tool). Williams et al. (2011) conducted a
case study based on the participation of commercial fishers,
defining various alternative management strategies related to
the Torres Strait Finfish Fishery (TSFF) in Australia, i.e. sea-
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framework for impartial evaluation of management strategy
performance (participation tool). In addition, Stohr et al.
(2014) described the concept of stakeholder participation by
evaluating two case studies; only the Polish case had a
coastal and marine focus. Within this case study, roundtables
were applied to create a multi-stakeholder platform with the
objective of informing and influencing decision-making pro-
cesses (participation tool).

2.4  Discussion

In total, 50 case studies focusing on stakeholder participation
in coastal and marine fisheries were identified and reviewed.
Most of the publications did not define the term stakeholder
or participation or described a systematical approach of
selecting stakeholders. Moreover, stakeholder participation
was mentioned in all 50 publications, but only half of the
case studies involved stakeholders in the process of
participation.

It should be noted that we could only show what has been
described in the publications under review; here, we did not
present a comprehensive overview of all relevant stakeholder
types that would be possible in the respective contexts.

2.4.1.1 Term Definition and Stakeholder Analysis
Four case studies defined the term stakeholder and, thus,
showed a scientific examination of potentially concerned
stakeholder types; 15 publications used a systematic descrip-
tion of how stakeholders were identified. The other publica-
tions used intuitive decisions to identify relevant stakeholders
in their case study. This led to the fact that, related to our
research focus on coastal and marine fisheries, the stake-
holder type ‘fishery’ was mostly involved; ‘public’ stake-
holders were only rarely involved.

All case studies included ‘fishery’ as a stakeholder type.
Therefore, we proposed that ‘fishery’ is seen as the main
stakeholder type in coastal and marine fisheries research.
Mahon et al. (2003) supported this thesis literally by writing
that within the conducted case study, the primary stakehold-
ers are the fishers. In some publications, ‘fishery’ was even
the only stakeholder type considered. Although at first sight
this realization might seem logical, it can be discussed; fish-
eries are harvesting a common resource and, therefore, do
notnecessarily contribute towards the sustainable exploitation
of coastal and marine fisheries resources, as most case stud-
ies consider stakeholder participation as a way of imple-
menting more sustainable fisheries management (e.g. Wilson
et al. 2003; Thiault et al. 2017). Although not all forms of
fisheries were considered unsustainable, artisanal fisheries,
for example, were often associated with having a small
impact on fish stocks (Carvalho et al. 2011) but have been
proven to cause impact beyond sustainable levels (Pomeroy
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2012); they also deal with other sustainability issues such as
bycatch of birds (Almeida et al. 2017).

Within our review, we used the category ‘others’ to clas-
sify stakeholders that did not fit into any other category. This
fact shows very clearly that, on the one hand, there is great
diversity of stakeholder types within the field of coastal and
marine fisheries research; on the other hand, it describes
existing discrepancies in the understanding of the term defi-
nition and the classification of corresponding stakeholders.
We, therefore, suggest to clearly define the term stakeholder
as well as to discuss their role in the specific context of the
conducted case study. Although Tiller et al. (2015) criticized
the stakeholder definition by Freeman (2010) as too broad,
they did not give a clear term definition either in their own
case study. We assume that there is a high risk of excluding
relevant stakeholder types, when not applying a term defini-
tion for stakeholder as well as not using a stakeholder analy-
sis tool to ensure that relevant stakeholders are approached.
This could lead to the fact that, for example, no local eco-
logical knowledge or fisheries ecological knowledge would
be recorded for the corresponding case study, which is
important inter alia for better understanding the marine ecol-
ogy and making results more convincing for resource users
(Davis et al. 2004) and, therefore, increase the legitimacy of
resource management (Aanesen et al. 2014). It is not impor-
tant to include all stakeholders available but to choose them
carefully according to the objectives of the case study, which
means applying a stakeholder analysis approach (Durham
et al. 2014).

2.4.1.2 Stakeholder Clusters

We showed, with using MCA, that ‘eNGO’, ‘politics’ and
‘science’ are often addressed together within the strongest
dimension. Therefore, we could conclude that these stake-
holder types were considered important within many con-
ducted case studies. This dimension described stakeholders
that deal with a rather theoretical side in the field of fishery,
i.e. in the form of regulations, research or campaigns. It can
be argued that these stakeholders contributed towards
research and management as well as towards different forms
of sustainability; therefore, ‘eNGQO’, ‘politics’ and ‘science’
have a more sustainability-oriented attitude. This finding is
strongly supported by Aanesen et al. (2014); they concluded
that, under the European Common Fisheries Policy, authori-
ties, scientists and NGOs have a similar perspective on fish-
eries management. This is rather obvious for ‘eNGO’, as
they are seen as representing the ecological sustainability.
By contrast, ‘politics’ could be interpreted as representing
the population, i.e. this stakeholder group acts in the interest
of the sustainability of food, but is also driven by the eco-

nomic sustainability. ‘Science’ could be seen as the repre-
sentative and provider of research. We suggest that these
stakeholder groups have a general interest in sustainable
management and are not directly or financially dependent on
the resource fish. Of course, it can be argued that certain jobs
of eNGOs, scientists or politicians depend on the debate as
well as on the public interest in fish and fishery. But this
argument is to be classified as marginal in this context. One
reason is that fish is one of the main protein sources for
humans; even if the resource fish would shrink, it will always
be of interest for certain stakeholder types.

In our sample of publications, ‘politics’, ‘eNGO’ and
‘science’ were mentioned most frequently after ‘fishery’. For
that reason, we can assume that these three stakeholder
groups are deemed the second most important stakeholder
groups. It can be discussed that ‘politics’, ‘eNGO’ and ‘sci-
ence’ should have at least an equally strong stake in fisheries
research compared to ‘fishery’.

Another group displayed by MCA is formed by ‘related
industry’ and ‘recreational fishery’. Both stakeholder groups
mostly occurred in the second strongest dimension, which
can be interpreted as stakeholders who are handling the
resource fish and, therefore, dealing with it in a practical
way. Although they also have an interest in sustainable man-
agement, they, unlike ‘science’, ‘politics’ and ‘eNGO’,
depend financially (especially ‘fishery’) or mentally (e.g.
‘fishery’ and ‘recreational fishery’) on the resource fish.
Therefore, profit or benefit orientation can be seen as another
factor describing dimension 2. This is supported by the fact
that the two groups (dimension 1: sustainability vs. dimen-
sion 2: dependence) discussed are placed far away from each
other in the MCA. Both stakeholder groups cannot be seen as
independent from each other as their decisions are influenc-
ing each other’s actions, e.g. if political regulations or cam-
paigns led by ‘eNGOs’ resulted in decreasing harvest rates
of fish, commercial and recreational fishers are negatively
affected. We take a critical look at these stakeholder groups,
as they are presented apart from each other in the conducted
MCA and, therefore, are not engaged equally in the reviewed
case studies. We recommend to engage these stakeholder
types more equally. The cooperation between fishery-related
stakeholders and scientists could lead to more informed
stakeholders on both sides; therefore, a greater mutual under-
standing, trust as well as likelihood of long-lasting partner-
ships could be achieved (Hartley and Robertson 2006).

We showed that ‘public’ participation is relatively low in
the field of coastal and marine fisheries research. This fact is
reflected among other things in the low numbers of mention
within the case studies. Here, ‘public’ as one stakeholder
group contributed the least to the two strongest dimensions.
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On the one hand, the low involvement could be interpreted as
a lack of interest. On the other hand, we argue that public
stakeholders were not directly addressed within the publica-
tions. In relation to the definition we used to classify ‘pub-
lic’, it can be critically discussed that ‘eNGOs’ could also be
seen as representatives of the civil society (e.g. Pristupa et al.
2016) and community leaders could include voted politi-
cians (Rivera et al. 2017). But we decided to stick to the
stakeholders as they were mentioned in the publications. The
results showed that ‘public’ stakeholders are not part of any
group; nevertheless, they dominated the weakest dimension
and explained the high percentage of its variance.

Data from North American and European case studies
resulted in different MCAs. This can be seen for example
with ‘recreational fishery’. Although this stakeholder type is
part of the European Common Fisheries Policy, they are not
considered as stakeholders in any of the case studies con-
ducted in Europe. This is different for North American case
studies; here ‘recreational fishery’ was seen as a stakeholder
type. Even if this analysis gave only a small insight into the
topic, regional differences related to stakeholder types could
already be made clear here. These differences cannot be
explained by different management systems, because both in
Europe and in North America recreational fisheries are
included in their regulations; the results further need to be
investigated. Furthermore, we assumed different emphases
of stakeholder types; therefore, when applying MCA to dif-
ferent regions, different interpretations of the dimensions
have to be made. However, the small sample size for regional
MCAs could reduce the significance of such interpretations.

Based on the application and analysis of the term stake-
holder, we conclude that there were only a few case studies
that critically assessed the concept of stakeholders.
Nevertheless, our results provide an insight into how stake-
holders were seen in the field of coastal and marine fisheries
research, i.e. who is considered as important and which
stakeholders are often consulted together.

2.4.2 Participation

2.4.2.1 Term Definition and Typologies
Out of 50 case studies focusing on the topic stakeholder par-
ticipation in coastal and marine fisheries, only seven case
studies defined the term participation or a participation-
related term. However, there is a wide variety of definitions
and typologies of stakeholder participation in the literature.
Green and Hunton-Clarke (2003) represented different
typologies of participation regarding environmental decision-

making. Five concepts of participation were listed and
defined to increase the level of involvement. On the one
hand, Arnstein’s (1969) concept of stakeholder participation
was described; this concept is based on eight levels: nonpar-
ticipation (manipulation and therapy), tokenism (informing,
consultation and placation) and citizen power (partnership,
delegated power and citizen control) (Luyet et al. 2012). On
the other hand, the participation concept by Pretty and Shah
(1994) was presented. Here, participation is classified by
using six steps: passive participation, participation by infor-
mation giving, participation by consultation, functional par-
ticipation, interactive participation and self-mobilization. In
Pristupa et al. (2016), participation was also described by the
level of stakeholder involvement, but with regard to the con-
cept of Arnstein (1969) and Pretty and Shah (1994), no fur-
ther explanation was given of the different levels of
participation in this case study.

In addition to Green and Hunton-Clarke (2003), Reed
(2008) reviewed different typologies on stakeholder partici-
pation for environmental management. In this literature
review, he defined the following typologies on which partici-
pation is based: (i) degrees of participation (e.g. Arnstein
1969), (ii) nature of participation (Rowe and Frewer 2000),
(iii) theoretical basis (e.g. Thomas 1993) and (iv) participa-
tion based on objectives for which participation is used (e.g.
Okali et al. 1994) (Reed 2008). The fourth typology was
used in the case studies by Sampedro et al. (2017) and Tiller
et al. (2015). Here, participation was described as the use for
planning or co-management experiences (Sampedro et al.
2017) and as the strategy for involving stakeholders in
decision-making processes (Tiller et al. 2015). Related to the
case studies under review, we would add a fifth typology of
participation, i.e. participation based on the opportunity to
participate in relation to resources. Brzezinski et al. (2010)
described and defined participation as a role benefiting par-
ticipating stakeholders based on money and geographical
proximity. The case study showed the connection between
geographical closeness and the level of attendance, i.e. the
closer stakeholders were to meetings, the higher was their
level to attend at those meetings (Brzezinski et al. 2010).

As NOAA (2015) generalized, there is no ‘one-size-fits-
all’ approach or definition of participation; the implementa-
tion and the process of participation is dependent on several
aspects, e.g. issue at hand, stakeholders, geography, sched-
ules, as well as on time frames. Furthermore, Green and
Hunton-Clarke (2003) recommended selecting the type of
participation suitable for the situation or the problem that
needs to be solved. We argue, to create a successful resource
management and increase the acceptance of management
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measures by resource users, a well thought out participation
approach is essential with regard to the sustainable use of
coastal and marine resources.

2.5 Conclusion

Stakeholder participation is and will continue to be of central
importance when it comes to the management of ecosystems
and its resources. Although our findings showed clear ten-
dencies in stakeholder participation, they also opened several
other questions.

The grouping of ‘science’, ‘eNGO’ and ‘politics’ was dis-
cussed critically, especially ‘public’, ‘recreational fishery’
and ‘related industry’ were presented far away in the
MCA. We suggest that these groups should not be seen as
opposed to each other but be included in a more integrated
way in participatory research projects. Low involvement of
‘public’ stakeholders and their contribution towards deci-
sions should be further discussed, because wild fish is widely
seen and communicated as a common pool resource. As a
consequence, ‘public’ stakeholders, i.e. representatives of
the common, should also have a stake in the management of
the resource also since ecosystem changes will affect all
citizens.

We advise to include different stakeholder types and take
advantages of their different experiences, although we recog-
nize that pragmatic and methodological reasons such as the
willingness to participate can constrain these efforts. While
our analysis has not been profoundly focused on regional dif-
ferences, it should be noted that there are regional differ-
ences between the relationships between and the contributions
of stakeholders. Even though only done marginally in our
analysis, dividing the data into different regions showed that
relationships and contributions varied between stakeholder
types. For further research, we advise to set a regional focus
on stakeholder participation and discuss it under the light of
different management regulations.

Although we presented stakeholder types carefully
deducted from the texts, the perception of these types is
always at risk to change throughout a paper review process.
Soma and Vatn (2014), e.g. separated the role of stakeholders
and citizens in participatory processes, not discussing citi-
zens as stakeholders but also plead for the involvement of
citizens in natural resource management; therefore, we cate-
gorized these stakeholders in the same manner.

Research projects and stakeholder participation processes
apart from research projects are mostly restricted by
resources, e.g. time, money (Angelstam et al. 2013), capacity
(Mackinson et al. 2011), expertise, i.e. expertise of social
researchers and the availability of researchers as well as of
stakeholders in general. These limitations can be a reason for

not including a systematic discussion of the term stakeholder
or a scientific stakeholder analysis. Because only a few of the
reviewed publications described a definition or an approach
of analysing stakeholders, we conclude that there were also
limitations of integration, i.e. the involvement of social sci-
entists in the process of stakeholder participation. In addi-
tion, it is of great advantage to know which typology and
degree of participation have been used and benefit from
experienced advantages as well as disadvantages of applied
methods (Luyet et al. 2012). This way, conflicts can be
avoided and stakeholder participation can be implemented in
a better way.

In times of interdisciplinary (Repko et al. 2011) as well as
transdisciplinary research (Hiaberli et al. 2001), and the
intention of further improving science in general, we call for
an increasing involvement of social scientists regarding the
processes of stakeholder participation in coastal and marine
fisheries research; more funding opportunities are needed to
support this kind of integrated research field.

Our review clearly showed that many different defini-
tions of stakeholder participation exist, and so researchers
need to be careful when they examine which one is appli-
cable towards their research goal. Related to this great
diversity of stakeholder participation definitions, we will
not present the definition. Nevertheless, we advise to con-
duct a critical analysis of stakeholder types as well as on
participation tools at the beginning of a new research project
with the aim of involving stakeholders related to decision-
making processes. Durham et al. (2014) and NOAA (2015)
offer well-applicable and explained stakeholder participa-
tion guides, which can be applied at the process start of the
project. A systematic and comprehensible consultation of
the methods presented in these guides can lead to an
improved transparency of the results and decreases the
potential of overlooking stakeholder groups or participatory
tools that fit the research goal.
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Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 2: ‘Towards a sustainable management of marine
resources: integrating social and natural sciences.” The origi-
nal Call for Abstracts and the abstracts of the presentations
within this session can be found in the Appendix ‘Conference
Sessions and Abstracts’, Chapter ‘2 Towards a sustainable
management of marine resources: integrating social and nat-
ural sciences’, of this book.
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Figure 2.A3 Visualization of
multiple correspondence
analysis (MCA) results for
case studies conducted in
North America; here
correlation between
dimension 1 (Diml),
dimension 2 (Dim2) and
dimension 3 (Dim3) is
presented. (a) strong
contribution was shown by
‘science’, ‘eNGO’ and
‘politics’; ‘related industry’
and ‘recreational fishery’
were displayed in the negative
area; (b) strong contribution
was presented by ‘science’,
‘eNGO’ and ‘politics’. (¢)
‘Public’ was the dominant
stakeholder type
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Table 2.A1 Contribution of variables, i.e. stakeholder types (measured in %) towards five dimensions using multiple correspondence analysis
(MCA); stakeholder types, i.e. science, politics, eNGO, recreational fisheries, related industry and public occurred within 50 research publications
presenting case studies in coastal and marine fisheries (as of May 2018)

Dim 1 Dim 2 Dim 3 Dim 4 Dim 5
Science 35.37 1.69 0.07 0.38 0.28
Politics 27.89 2.88 1.02 36.32 19.43
eNGO 29.59 2.06 0.01 33.62 9.77
Recreational fishery | 2.87 48.90 5.20 10.58 32.44
Related industry 341 44.34 10.16 11.79 30.04
Public 0.87 0.13 83.54 7.31 8.04

Table 2.A2 List of results related to the literature review focusing the topic stakeholder participation in the field of coastal and marine fisheries
(type of stakeholder: S = science, PO = politics, E = eNGO, F = fisheries, RF = recreational fisheries, RI = related industry, PU = public, O = others;
participatory method: MET = meeting, WOR = workshop, DIS = discussion, INT = interview, QUE = questionnaire, SUR = survey, CON = con-
versation, MOD = modelling, MAP = mapping, PRE = presentation, COO = coordination)

Which
Stakeholder Description of | methods
Definition of | Type of analysis Definition of | participatory has been
Author Continent | Country stakeholder? | stakeholder | approach? participation? | method? used?
Appeldoorn North USA FE O
(2008) America
Bitunjac et al. Europe Adria S,PO,E,F |x X DIS
(2016)
Bojorquez- North Mexico S, PO, E, X WOR,
Tapia et al. America F RI MOD
(2017)
Brzezinski North USA X E,F X
et al. (2010) America
Burdon et al. Europe Denmark, E,F, O X WOR,
(2018) Germany DIS, INT
Butler et al. Europe Scotland PO, F, O X X INT
(2015)
Carr and North USA PO,E,F, O X INT, QUE
Heyman (2012) | America
Catedrilla et al. | Asia Philippines F X X DIS, INT
(2012)
Clarke et al. Asia China, Hong F X MET,
(2002) Kong DIS, PRE
Cleland (2017) | Asia Philippines PO, E, F, X WOR
RI

Coelho Dias da | South Brazil F, O X MET, DIS
Silva et al. America
(2010)
Cox and North Canada F, RI X COO
Kronlund America
(2008)
Delaney et al. Europe NA S,PO,E, F X INT
(2007)
Dowling et al. Australia | Australia S, PO, O X MET, DIS
(2008)
Eriksson et al. Asia / Indonesia, S, PO, E, X WOR,
(2016) Africa Philippines, F, PU, O DIS, INT,

Solomon Islands, SUR

Tanzania
Eveson et al. Australia | Australia F X DIS, SUR
(2015)
Field et al. Africa South Africa S, PO, E,
(2013) F O
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Table 2.A2 (continued)
Which
Stakeholder Description of | methods
Definition of | Type of analysis Definition of | participatory has been
Author Continent | Country stakeholder? | stakeholder | approach? participation? | method? used?
Fletcher (2005) | Australia | Australia S, PO, E, X WOR
RE RIL, O
Garza-Gil et al. | Europe Spain S, PO, F, X QUE,
(2015) RI SUR
Goetz et al. Europe Spain, Portugal S,E O X WOR,
(2015) QUE,
SUR,
COO
Granados- America | Belize PO, F, O
Dieseldorf
et al. (2013)
Gray et al. North USA S, PO, E, X X MAP
(2012) America F, RF, RI,
(0]
Haapasaari Europe Central Baltic X S,PO,E, F X MOD
etal. (2013)
Hara et al. Africa South Africa F, RI X X MET,
(2014) WOR,
INT
Kaiser and Europe Norway F, RI, PU, X WOR
Forsberg (0]
(2001)
Kerr et al. Europe Scotland, UK S, PO, E, X MET,
(2006) F O INT,
QUE,
PRE
Kinds et al. Europe Belgium X PO,E, F X X DIS, INT,
(2016) MOD
Kittinger North USA S,E,EPU |x X X MET, INT
(2013) America
Lorance et al. Europe - S,PO,E, F X WOR,
(2011) DIS, INT,
QUE,
MAP
Mabon and Asia Japan S, PO, F, X MET,
Kawabe (2015) RI DIS, INT
Mahon et al. North Barbados PO,F,PU | x X WOR,
(2003) America CON
Mapstone et al. | Australia | Australia PO,E, F, X MET,
(2008) RI WOR,
MOD
Miller et al. North USA S, PO, E, X X MET,
(2010) America F, RF, RI WOR,
DIS,
MOD,
COO
Mitchell and Australia | Australia F, RF X QUE,
Baba (2006) SUR
Murphy et al. North USA F, RF, RI X X SUR
(2015) America
Pristupa et al. Europe Russia S, PO, F, X X X INT
(2016) RI, PU
Punt et al. Australia | Australia S, PO, F,
(2012) RI

(continued)



40

H. Schwermer et al.

Table 2.A2 (continued)

Which
Stakeholder Description of | methods
Definition of | Type of analysis Definition of | participatory has been
Author Continent | Country stakeholder? | stakeholder | approach? participation? | method? used?
Rivera et al. Europe Spain PO, F, PU X DIS, INT,
(2017) QUE
Sampedro et al. | Europe Spain, Portugal S,E,F O X X X MET,
(2017) WOR,
INT,
SUR,
MOD
Smith et al. Australia | Australia S, PO, E, X MET,
(2001) E RI WOR
Stohr et al. Europe Sweden, Poland S,PO,E,F X MET, INT
(2014)
Stratoudakis Europe Portugal S,PO,F, O |x X MET,
et al. (2015) WOR
Thiault et al. Asia French Polynesia F X X SUR
(2017)
Tiller et al. Europe Norway X F X X WOR,
(2015) INT,
QUE,
MOD
Trimble and South Uruguay S,PO,E,F |x X MET,
Berkes (2013) | America WOR,
CON,
INT
Trimble and South Uruguay S,PO,E,F x X X MET,
Lazaro (2014) America WOR,
CON,
INT, QUE
Watters et al. NA Scotia Sea, Drake F O X MOD
(2013) Passage
Williams et al. | Australia | Australia PO, F X WOR,
(2011) DIS,
MOD
Yanez et al. South Chile S, PO, F X WOR,
(2014) America SUR
Zengin et al. Europe Riparian PO, E RI, X DIS, PRE,
(2018) Countries PU COO
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Law and Policy Dimensions of Ocean

Governance

Pradeep A. Singh and Mara Ort

Abstract

Human populations have relied on the oceans for centu-
ries for food supply, transportation, security, oil and gas
resources, and many other reasons. The growing pros-
pects of the oceans, such as access to marine genetic
resources and seabed minerals, to generate renewable
energy and as a potentially enhanced carbon sink, are
contributing to increased interests to control and exploit
the seas. At the same time, human pressure on the oceans,
both from land- and atmospheric-based sources and at
sea, as well as from climate change, has led to unprece-
dented levels of stress on the oceans. The concept of
ocean governance has developed as a response to this.
This chapter explores ocean governance from the interdis-
ciplinary perspectives of law and human geography.

We trace the development of ocean governance from
first practices and legal concepts up to the emergence of
contemporary ocean governance in recent decades and
explore how it departs from traditional practices. Zonal
and sectoral approaches, as well as their underlying
norms, are discussed. We then take a more critical stance
to shed light on the role neoliberalism plays in the form-
ing of ocean governance and the effects this paradigm can
have on governance outcomes. The cases of fisheries
management and ocean grabbing illustrate some possible
mechanisms and effects. In addition, the role of commu-
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nities and indigenous people in ocean governance is dis-
cussed. Finally, the chapter addresses the shared or
common concern surrounding the degradation of the
marine environment, and the need for global and interdis-
ciplinary cooperation in governing the oceans for mutual
benefit.

Keywords

Marine environmental protection - Sustainable develop-
ment - Common concern of humankind - Regime
management and cooperation at sea - Governance tools -
Local communities

3.1 Introduction

For centuries, the oceans have sustained life (both nonhuman
and human), provided us with a host of nonliving resources,
(renewable and nonrenewable), as well as fulfilled our trans-
portation and recreational needs. Considering the vast impor-
tance of the oceans, it comes as no surprise that nations often
demonstrate the desire to expand their sovereignty and gain
control over the seas to exert control and dominance over it.
In its centuries of development, the traditional law of the sea
has witnessed the increased claim of state power and author-
ity over marine spaces in a contested and competitive way. In
recent decades, however, the global community started to
realize the salient drawbacks from such a dominating
approach — in particular, the depletion of living and nonliv-
ing marine resources as well as degradation of the marine
environment. Thus, they declare in the United Nations
Convention on the Law of the Sea 1982 (UNCLOS) that the
“problems of ocean space are closely interrelated and need to
be considered as a whole” (Preamble, UNCLOS 1982).
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The ocean governance discourse involves two presuppo-
sitions that renders it necessary to address ocean spaces and
its uses in a holistic way. First, it acknowledges the existing
and continuing division of ocean spaces (i.e., zonal/geo-
graphical aspect, in which maritime spaces are divided into
zones that are subject to national jurisdiction and those
beyond national jurisdiction) and the diverging regulations to
control human activity in the oceans (i.e., sectoral/activity
aspect, in which maritime activities are considered and regu-
lated as a whole through regional or global regimes). Second,
it strives to resolve governance problems arising from the
zonal and sectoral aspects of the ocean spaces through a
series of norms and tools implemented via increased coop-
eration and coodination across actors and institutions that
operate within those spheres.

This chapter will discuss the concept of ocean governance
— as the discourse is understood by lawyers and social scien-
tists — and what that concept entails in terms of marine envi-
ronmental protection. Specifically, this chapter traces the
development of the concept in recent decades and explores
how it departs from traditional practices where large parts of
the seas were not subjected to national jurisdiction or any
particular global or regional regime. In this context, it con-
siders the zonal and sectoral aspects within the existing
structure and its contribution toward achieving sustainable
ocean governance. Next, this chapter will underscore a series
of norms and tools that could bridge and harmonize the
shortcomings arising from these realities. We then take a
closer look at the role of neoliberalism as an influential hege-
monic ideology in many parts of the world in the twentieth
and twenty-first century that has left its traces in ocean gov-
ernance, with examples from fisheries management and
ocean grabbing. Furthermore, we touch upon the implica-
tions of ocean governance for local communities and indig-
enous people. Finally, this chapter ends by highlighting the
importance of collaboration as an indispensable means to
promote coherence in ocean governance.

3.2 Ocean Governance: A Conceptual

Development

It is common knowledge that the oceans are fundamental to
human life and our dependence on it continues to increase.
This reliance necessitates international rules to govern the
conduct of human activities in the oceans (Tanaka 2015a).

3.2.1 Historical Development

Before the twentieth century, the law of the sea was repre-
sented through a set of unwritten, customary rules that
reflected the practice among states. The principle of freedom
prevailed during this time, which meant that powerful mari-

time states were able to make the most use of the oceans and
its resources (Bederman 2014). In the early days, the high
seas were understood as being common property, open to all
(Mansfield 2004; WBGU 2013). However, there existed two
competing concepts about who had sovereignty over the
oceans: mare clausum versus mare liberum, both dating back
to the seventeenth century. Mare clausum was the Portuguese
notion of giving the rights over the ocean to the coastal states.
In contrast, the Dutch notion of mare liberum defended the
understanding of the freedom of the ocean.! Both ideas were
fueled by economic considerations: the Portuguese wanted to
protect their role in trade, whereas mare liberum was devel-
oped by the Dutch jurist Hugo Grotius to establish the pos-
sibility of free trade for the Dutch East India Company
(WBGU 2013). Over the centuries, many areas of the high
oceans remained relatively open-access areas (“freedom of
the seas”), whereas coastal waters were brought more and
more under state control. The dawn of the twentieth century
witnessed significant effort to codify the law of the sea
(Harrison 2011). Alongside the emergence of new states, a
greater balance between existing maritime powers and a shift
in attention toward exploiting ocean resources for economic
gains, the desire perceptibly swung toward establishing sov-
ereignty or control over ocean resources while still maintain-
ing the great freedom over navigation as previously enjoyed
(since shipping remains an important interest for the mari-
time powers). Mainly from the 1950s to the 1980s, the pri-
marily open-access system of the oceans became a system
where coastal states gained sovereignty rights and controlled
and exploited the marine resources (Steinberg 2001). This
development was fueled by the wish to extend national
claims over offshore resources, as the role of oceans for
resource provision was rising (United Nations 2012; WBGU
2013). In 1954, the United States extended their jurisdiction
over the whole continental shelf of their coast, in order to
extract resources (United Nations 2012). Consequently,
many other states followed this example and expanded their
areas from traditionally 3 nautical miles to 200 nautical miles
to control larger parts of the sea and the seabed to be able to
claim fish stocks, mineral deposits, and oil. These expansions
of territorial control were first only covered by customary
law (United Nations 2012b) without much coherence; thus,
the need for more binding international laws was apparent
(WBGU 2013). After decades of negotiating, the UNCLOS
(United Nations Convention on the Law of the Sea), other-
wise known as the “constitution of the oceans” (Koh 1982),
was signed in 1982 and codified these arrangements.
Consequently, the 200 nm zone became known as exclusive
economic zone (EEZ, where states have the rights over all
living and nonliving resources), and states could expand their

"However, this is an understanding based specifically on a Western
organization of space and society — actual history is much more com-
plex than just these two categories (see Steinberg 2001).
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sovereignty over parts of the continental shelf. The freedom
of navigation, however, was mostly preserved.

3.2.2 The Concept of Ocean Governance

As the modern law of the sea is by itself not synonymous
with ocean governance, it is useful to trace, within the design
of the modern law of the sea, the development of “ocean gov-
ernance’ as a concept. In this context, Rothwell and Stephens
(2016, pages 516-517) identify three significant phases in
the development of the modern law of the sea that promotes
ocean governance. During the first stage, starting from the
early efforts to codify the law of the sea up until the adoption
of four treaties in 1958, the focus was primarily on the desire
of coastal states to exploit the resources of the ocean and not
on crosscutting issues. Thus, although little heed was chan-
nelled toward advancing the protection of the marine envi-
ronment, the seeds for the zonal and sectoral aspects of the
law of the sea were established during this period. As the
ocean spaces were divvied up into separate zones between
nations, notably premised on the potential uses of these
spaces, early steps were taken toward ascertaining who had
jurisdiction over what. The second stage, from 1958 to 1982,
demonstrates the increasing awareness of states of the need
to regulate human activity based on sectors (i.e., shipping,
fisheries, minerals, and so on) and the need to advance the
protection of the marine environment from degradation and
pollution arising from those activities. To this end, several
instruments, including the 1972 Stockholm Declaration on
the Human Environment, were adopted. These developments
had a telling effect on the commencement of the third phase.
In the year 1982, the UNCLOS was finally concluded after
years of heated negotiations. This development withdrew the
focus from sovereignty, jurisdictional rights, and freedoms
for individual states and put emphasis on shared responsibili-
ties for the protection and preservation of the marine envi-
ronment (Freestone 2008). Thus, UNCLOS provided the
foundation for integrated management and governance of the
oceans, supplemented by diverse treaties and soft law instru-
ments (Rothwell and Stephens 2016).

In other words, while simultaneously respecting tradi-
tional rights (i.e., freedom of navigation) and emerging rights
(i.e., sovereignty and sovereign rights over resources in areas
within jurisdiction), the third and current stage of the modern
law of the sea reflects the interests of which the concept of
ocean governance seeks to secure. It is crucial to further state
that the concept of ocean governance is intertwined with par-
allel developments in international environmental law and
human rights law (in so far as they related to the oceans). As
such, contemporary notions such as sustainable development
are interwoven into the wider concept of ocean governance.
Concurrently, the proliferation of international organiza-
tions, intergovernmental bodies, and other actors since the

mid-twentieth century also represents this movement toward
asserting greater protection measures of the marine environ-
ment (Singh 2018).

Gradually, within the twentieth century, the concept of
ocean governance evolved. However, even though “in use”
for quite a while already, it is not clearly defined but remains
as arather fuzzy term (Future Ocean and International Ocean
Institute 2015). In some fields (e.g., social and political sci-
ences), ocean governance comprises all rules, laws, institu-
tions, and political measures regarding the oceans (Mondré
and Kuhn 2017). These can include formalized or informal
processes, as well as top-down or bottom-up approaches.
Additionally, research focuses on governance-related issues
like security and political strategies of nation-states (see,
e.g., Humrich 2017; Wirth 2017) or investigates how eco-
nomic interests shape policies (see, e.g., Mansfield 2004;
Ritchie 2014). From a law perspective, however, the concept
is narrower and usually relates to regulating maritime activi-
ties with a particular focus on marine environmental protec-
tion (Singh and Jaeckel 2018). From the latter perspective,
there is great interest in how ocean governance involves
cooperation and coordination across zones and sectors to
harmonize (insufficient or ineffective) laws and policies
adopted within those respective realms to pursue sustainable
environmental management goals that benefit present and
future generations. Thus, the concept of ocean governance,
from a law perspective, can usefully be seen as the collective
attempt to govern the conduct human activity in the oceans
in a sustainable and orderly manner with the overall objec-
tive of conserving and protecting the marine environment.
Further, while topics of regime fragmentation (such as regu-
latory gaps and duplicity of efforts) continue to surface, there
are instances where this may not result in negative conse-
quences. Given that the discourse of fragmentation and its
bearings on ocean governance is a matter that deserves spe-
cific attention on its own, it will not be the focus of discus-
sion here.

As the UNCLOS plays a critical role in setting the scene
for ocean governance, it would be necessary to examine to
what extent it actually caters for this purpose. The UNCLOS
provides the foundational basis for state action to protect the
marine environment. In Part XII of UNCLOS, 46 provisions
are specifically dedicated toward environmental protection,
requiring states (or international organizations) to adopt and
enforce measures to protect the marine environment from the
harmful effects of human activities, including land- and
atmospheric-based sources of pollution that impair or
degrade the oceans. Harrison (2017) eloquently explains that
through this, the UNCLOS provides the foundational basis
for marine environmental protection by determining, among
others, the jurisdictional mandate to take such measures, fol-
lowed by the general principles, substantive rules, and proce-
dural rules vis-a-vis human activities at sea and the protection
of the marine environment.
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3.2.3 Zonal and Sectoral Aspects to Ocean
Governance

At this juncture, it is necessary to distinguish between the
zonal and sectoral aspects in the modern law of the sea. As
mentioned earlier, both these aspects are vital considerations
in ocean governance. The zonal aspect simply refers to who
possesses the mandate or the authority to prescribe regula-
tions and enforce them (based on demarcated boundaries),
whereas the sectoral aspect covers the type of activity sought
to be regulated. As will be explained, jurisdiction in zones
does not necessarily commensurate with sectors. This dem-
onstrates that ocean governance is an intricate concept that
requires addressing trans-boundary and cross-sectoral
concerns.

In terms of zones, the manner in which the UNCLOS has
carved out the oceans can generally be divided into two
areas: areas within national jurisdiction and areas beyond
national jurisdiction (Churchill and Lowe 1999). In the for-
mer category, UNCLOS recognizes several zones. In the ter-
ritorial sea, which may extend up to 12 nautical miles from
its baselines, coastal states enjoy sovereignty.”? Save for
restricted rights (such as the right of innocent passage for
ships to navigate through) that must be accorded to other
states,’ the coastal state is free to exploit its living and non-
living resources, as well as to take measures to enforce its
coastal security and environmental laws.* The contiguous
zone follows the territorial sea, which may be declared for up
to 24 nautical miles, in order to allow the coastal state to take
measures specifically pertaining to custom, fiscal, and sani-
tary issues and enforce regulations in its territorial sea.’
Apart from this, there exist another two other zones. Coastal
states may declare an exclusive economic zone (EEZ), which
may extend up to 200 nautical miles from its baselines, in
which they have sovereign rights to exploit both living and
nonliving resources for their own economic benefit.®
However, in contrast to the territorial sea, the coastal state
has limited noneconomic rights in the EEZ. As such, other
states enjoy certain freedoms, such as rights to navigation
and laying submarine cables, provided that these activities
do not prejudice the rights of the coastal state to reap eco-
nomic benefits from the resources therein.” Coastal states are
also accorded sovereign rights to exploit and reap economic
benefits from its continental shelf for up to 200 nautical
miles and in some cases extending up to 350 nautical miles

2 Articles 2-3, UNCLOS.
3Articles 17-19, UNCLOS.
4Article 21(1), UNCLOS.
SArticle 33, UNCLOS.
%Articles 56-57, UNCLOS.
7Article 58, UNCLOS.

or beyond from its baselines.® Within the areas in which it
exercises sovereignty, coastal states have absolute discretion
to enact regulations to protect the marine environment. In
areas where they enjoy sovereign rights, coastal states have
wide-ranging jurisdiction to promulgate environmental laws
to protect their economic interest.’

Additionally, many coastal states also play a crucial role
in ocean governance through the exercise of sovereign con-
trol over their ports. The UNCLOS and various instruments
created through regional and global regimes have strength-
ened the ability of port states to enhance marine environmen-
tal protection, particularly in compliance and enforcement of
numerous international standards and regulations. Although
the UNCLOS recognizes the rights of landlocked states and
their interest to gain access to the oceans and its living
resources (i.e., fisheries) through neighboring coastal states
(which is largely a matter of the latter’s discretion), land-
locked states play a limited role in ocean governance and the
protection of the marine environment. Their contribution is
restricted chiefly through the exercise of jurisdiction over
ships that fly their flags and participation in global or regional
regimes.

In areas beyond national jurisdiction, the UNCLOS rec-
ognizes two distinct zones. The first zone is the high seas —
here, in the water column that falls beyond the EEZ of any
coastal state, all states enjoy numerous types of freedom,
particularly with respect to fisheries (it will be recalled that
all states enjoy certain freedoms, e.g., navigation, even
within the EEZ of coastal states).!® Pertinently, since it
belongs to no one, no particular state has the jurisdiction to
enact specific legislation, be it environmental or otherwise,
in this zone. However, this does not mean that the entire high
seas area is subject to lawlessness or anarchy. The flag state,
i.e., the state to which the ship is registered, exercises juris-
diction over the ship flying its flag and the activity it carries
out in the high seas.!! Thus, ships are bound to the domestic
legislation of their flag states, as well as other regulations to
which that state decides to adopt at the international level.'?
The second zone created by the UNCLOS, the international
seabed area, is simply known as the “Area”.!3 It encompasses
the seabed area that falls beyond the continental shelf area
claimed by any coastal state and declares it as the “common
heritage of mankind.”'* In the Area, the International Seabed
Authority (ISA) is given the mandate, pursuant to UNCLOS,

8 Article 76, UNCLOS.

°Article 193, UNCLOS.

0Article 87, UNCLOS.

Articles 91-92, 94, UNCLOS.
2Articles 116-117, 119, UNCLOS.
BArticle 1(1)(1), UNCLOS.
“Article 136, UNCLOS.
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to regulate the exploration and exploitation of nonliving
resources, i.e., minerals, as well as to take necessary mea-
sures to protect the marine environment from the harmful
effects of such activities."> As UNCLOS only prescribes a
skeletal framework for the deep seabed mining regime, the
ISA is specifically given the task to progressively develop
detailed regulation.'® Hitherto, three separate regulations for
the exploration of mineral resources (specifically for poly-
metallic nodules, polymetallic sulfides, and cobalt-rich fer-
romanganese crusts) are in existence. Regulations for the
exploitation of mineral resources are currently at an advanced
draft stage (Brown 2018), and work to design a benefit-
sharing mechanism is expected to commence in due course.

Moving from the zonal aspect to the sectoral aspect, the
latter recognizes the fact that assigning jurisdiction to create
environmental regulations premised on boundary lines is
inadequate and needs to be complemented with laws that
specifically apply to the activity in concern. As such, the
modern law of the sea involves numerous sectoral regimes,
e.g., fishing, shipping, mining, and recreational, subjecting
each of them to separate sets of laws. The need for sectoral
regulation becomes particularly obvious in trans-boundary
scenarios. For example, shipping activities typically involve
the crossing of multiple jurisdictions, including the high
seas, and as such need to be regulated more delicately.
Similarly, fishing and mining activities taking place in an
adjacent area will inevitably affect, cumulatively, the marine
environment of surrounding areas and impair the ability of
others to meaningfully exercise and enjoy their rights
(Markus and Singh 2016). As such, the sectoral aspect of the
modern law of the sea has contributed to the proliferation of
international organizations with carefully defined mandates
to regulate particular activities (Harrison 2015). This
includes, among others, the ISA to govern mineral mining
activities in the Area, the International Maritime Organization
(IMO) to regulate global shipping activities, the Fisheries
and Agriculture Organization (FAO) to promote sustainable
fisheries measures, and the International Whaling
Commission (IWC) to control whaling activities. The func-
tions and responsibilities of these international organizations
are typically defined in international treaties signed by states,
thereby giving them the mandate to create regulations or
guidelines that would apply to their respective sectors or
regimes (Harrison 2011). Regional regimes, particular in the
case of fisheries, are also fast-growing, as can be seen in the
number of Regional Fisheries Management Organizations
(RFMOs) and Regional Seas Programs (RSPs) that are cur-
rently in existence (Singh 2018).

B Articles 1(1)(2), 137, 145, 150, 153 and Annex III, UNCLOS.
1°See Part XI and Annex III of the UNCLOS.

The above demonstrates that the jurisdictional mandate to
regulate human activities at sea — specifically, to adopt nec-
essary measures to protect the marine environment — is a
critical consideration in the ocean governance discourse.
This section also shows that, because a multitude of actors
and institutions are involved in regulating human activities at
sea — who often work independently and in isolation from
each other — and compounded by the fact that the problems
of the oceans are interconnected and interdependent, ensur-
ing coherence in environmental protection is a complex and
delicate subject. As such, there is a pressing need for a more
effective response to the cumulative effects of human activi-
ties (and natural phenomena) to the marine environment
(Scott 2015) —i.e., the raison d’étre of the concept of ocean
governance. To this end, reliance on a wide selection of
norms and tools that are increasingly gaining recognition
under international law, to assist in overall policy- and
decision-making processes, goes a long way in contributing
to the concept of ocean governance.

3.3  Norms and Tools Pertaining to Ocean

Governance

The theme of ocean governance comprises of an array of
norms and tools that serve to realize its objectives. At the
outset, it would be useful to clarify what “norms” and “tools”
mean in this context. By “norms,” reference is generally
made to legal principles, concepts, and doctrines that are rec-
ognized under international law (De Sadeleer 2002). Their
normative values differ from one to another and depend,
inter alia, on how they are perceived as binding (or merely as
guiding) in practice by states and international organizations
or as interpreted by international courts and tribunals (Tanaka
2015b). Under certain scenarios, non-binding norms may
have a compelling effect (Winter 2018). However, as this
chapter is not focused on ascertaining the exact status of
these principles, doctrines, or maxims, the term “norms” is
used generically here to refer to the handful of notions that
apply to ocean governance. Concerning “tools,” reference is
made to the various measures and strategies designed with
the aim to protect the marine environment from human activ-
ities at sea. In other words, “tools” here refer to the means
that are adopted or deployed to attain the desired end. In the
context of ocean governance, “tools” are both supplementary
and complementary to “norms” and analogous in certain cir-
cumstances (Singh and Jaeckel 2018). In fact, the continuous
and persistent practice of adopting certain measures or
approaches, as a rule of thumb, may evince the normative
value of a “tool.” For instance, environmental impact
assessments can be seen as a tool, in as much as it is an
accepted norm or principle of international law.
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3.3.1 Norms Pertinent to Ocean Governance
Here, several norms that are relevant to the concept of ocean
governance will be discussed. They comprise of the follow-
ing: the “no-harm” or prevention of trans-boundary harm
rule, environmental impact assessments, the precautionary
approach, the ecosystem-based approach, sustainable devel-
opment, and the polluter pays principle. One specific norm,
the principle of cooperation, deserves special attention and
will be considered later. This list is by no means exhaustive
in the ocean governance discourse. Nevertheless, they have
been selected for the present discussion because they either
are grounded in the UNCLOS and other related agreements
or have received significant acknowledgment and treatment
by international and regional organizations. As such, they
possess a certain degree of authoritative value and require
specific consideration in decision-making processes as it has
some bearing on the legitimacy of those outcomes.

The “no-harm” or prevention of trans-boundary harm
refers to the obligation of states to ensure that activities
within their jurisdiction or control do not cause significant
harm to the environment of other states. In other words,
states must ensure that the activities which they conduct, or
which they permit, sanction or allow, are conducted in a
manner that is environmentally sound, and that appropriate
preventive measures are taken to ensure that the environmen-
tal harm arising from those activities are minimized — par-
ticularly if it is likely that such harm would be trans-boundary.
It should be emphasized that this obligation is one of conduct
and not of effect; it does not prohibit harmful effect in a strict
or absolute sense, i.e., states are only liable for trans-
boundary harm if they fail to exercise due diligence in con-
trolling the activities (Birnie et al. 2009). The UNCLOS
expressly affirms this obligation in the marine environment
context.’

Environmental impact assessments (EIA) involve the
practice of ascertaining the potential environmental effects
of an activity prior to its conduct. This also extends to the
requirement to monitor the environmental effects of the
activity continuously throughout its life and upon cessa-
tion.' In this sense, while the practice of preparing an EIA is
more appropriately seen as a tool to ensure adherence to the
“no-harm” rule, its prevalence as a global practice in recent
times has elevated its status to a customary rule of interna-
tional law. Consequently, the absence of a proper EIA to
ascertain the environmental harm of an activity, particularly

17Article 194, UNCLOS.

18See the Pulp Mills on the River Uruguay (Uruguay v. Argentina) case,
Judgment of 20 April 2010, International Court of Justice, available at:
http://www.icj-cij.org/files/case-related/135/135-20100420-JUD-01-
00-EN.pdf.

where it is likely to cause trans-boundary harm, may be seen
as a failure of the due diligence threshold and attract respon-
sibility under international law (Birnie et al. 2009). Similarly,
the UNCLOS also prescribes the requirement to conduct
EIAs and continuously monitor the environmental effects of
activities at sea."

The precautionary approach, at its core, advocates for the
exercise of caution in the face of uncertainty. More precisely,
it excludes the reliance on lack of scientific certainty as a
basis for inaction in adopting cost-effective measures to pro-
tect the environment. In other words, environmental threats
should be effectively addressed even if the scientific cer-
tainty of the extent and effect of the threat is in question. A
more contemporary interpretation goes further and requires
that potentially harmful activities should be postponed until
there is sufficient and reliable scientific verification that the
potential environmental harm arising from its conduct can be
convincingly averted or managed (Marr 2003; Jaeckel 2017).

Similar to the precautionary approach, the ecosystem-
based approach also has its foundation rooted in science.
Essentially, the ecosystem-based approach concentrates on
“the protection of the ecosystem itself, including the struc-
ture, processes and functions of the community of biological
organisms, and the interactions between them as well as
between them and non-living components within a particular
marine area” (Singh and Jaeckel 2018, page 624). Adopting
this approach enables decision-makers to consider the cumu-
lative impacts of human activities at sea on marine ecosys-
tems in determining whether to permit a particular activity or
not. The ecosystem-based approach closely resonates with
the precautionary approach, and they both complement each
other (Trouwborst 2009).

Sustainable development as a concept requires economic
considerations to be weighed alongside social and environ-
mental considerations in the context of development. It rec-
ognizes that economic progress involves certain detriment to
the environment but is necessary for social development. At
the same time, it is equally clear that under certain scenarios,
the need to protect and preserve the environment may prevail
over economic or social considerations (Tanaka 2015b). The
sustainable development discourse has embraced the oceans,
as can be seen in the Sustainable Development Agenda of
2030 and the Sustainable Development Goals of 2015 (“the
SDGs”) as adopted by the United Nations General Assembly
in2015.2° SDG 14 (life below water) is specifically dedicated
to the oceans and calls on states to “conserve and sustainably
use the oceans, seas and marine resources for sustainable

19 Articles 204-206, UNCLOS.

2Resolution A/Res/70/1, Resolution adopted by the General Assembly
on 25 September 2015, available at: http://www.un.org/ga/search/view_
doc.asp?symbol=A/RES/70/1&Lang=E.
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development.”?! Tt follows that, while the aspiration of states
to develop progressively is valid and fundamental, marine
development policies should not be carried out at the rapa-
cious expense or in completed disregard of the marine envi-
ronment. Also embedded in the proper implementation of
this concept is the requirement to consider alternatives to
prospective or ongoing projects, and even to exercise for-
bearance if the harm to the marine environment is demon-
strably significant.

Finally, the polluter pays principle entails the requirement
for the operator of the activity that causes harm to the envi-
ronment to make the necessary reparations to address that
damage. Effectively, this means that the operator of the activ-
ity is responsible to undertake restoration measures or to
compensate for the harm caused to the environment. This
should not be seen as consideration for a license to pollute or
to deplete resources but rather as a basis to internalize those
environmental costs (which would otherwise be treated as an
externality) to ensure that profits are not made at the expense
of the environment (Beder 2006).

3.3.2 Tools Pertinent to Ocean Governance

As mentioned earlier, some of the norms discussed above
also take the form of tools, in so far as they are capable of
serving as a means to advance the effective protection of the
marine environment. In addition, several other measures or
instruments may be adopted to give effect to the said norms.
This includes environmental policy mechanisms and area-
based management tools (ABMTs), including strategies
such as maritime spatial planning (MSP) and marine pro-
tected areas (MPAs).

Environmental policy mechanisms involve the designing
of internal policy mechanisms within states or regimes to
ensure that marine environmental considerations are effec-
tively taken into consideration in decision-making processes.
This includes the setting up of scientific advisory bodies
within the institutional setup as well as prescribing proce-
dures to facilitate the flow of technical expertise into
decision-making processes, as well as the use of incentives
to promote technological advances or the adoption of higher
environmental standards than that imposed by the regulator.
Environmental strategies should be drawn up, providing for
transparent decision-making processes, and include opportu-
nities for stakeholder and public participation.

As the name suggests, ABMTs are area-specific and would
suit as a perfect combination for the ecosystem-based

2I'Sustainable Development Goals (SDG 14), United Nations
Department of Economic and Social Affairs (UN-DESA), Division for
Sustainable Development Goals, accessible at: https://sustainabledevel-
opment.un.org/sdg14.

approach. The MSP strategy, on the one hand, is premised on
the fact that the stresses caused by human activities on the
marine environment can be geographically mapped, thereby
providing some useful indication on the vulnerabilities of that
specific area to particular types of harm (Zacharias 2014).
This enables decision-makers to permit activities in areas that
are resilient enough to withstand (and recover from) the asso-
ciated environmental harm and, conversely, to restrict activi-
ties in areas that are already subject to high levels of stress
and would struggle to recover from the ensuing consequences
of such activities (Markus et al. 2015). The creation of MPAs,
on the other hand, is essentially a measure to protect certain
areas (of environmental interests) from certain activities, such
as shipping, fisheries, or mineral exploitation. This includes
areas that have sensitive and fragile ecosystems, whether
thriving or in despair, and breeding ground areas (Halpern
et al. 2010). More importantly, ABMTs allow for cumulative
effects (i.e. not only immediate impacts from the particular
activity in concern, but the impacts arising from other related
activities and natural causes) to be considered when deter-
mining the areas that require protection. However, due to
regulatory gaps and the fragmentation nature of governance
arising from the zonal and sectoral approach, states and com-
petent organizations only have the mandate to designate
MPAs in areas where they exercise jurisdiction or only con-
cerning the activity it is tasked to regulate, respectively.

Critical Discussion of Ocean
Governance

34

As reflected from the above, the oceans are not only diverse
ecosystems; they are also economic and political spaces. In
this fluid and boundary-less environment, diverse interests
are articulated by nation-states, organizations, companies,
local communities, and indigenous people. In this context, it
seems obvious that ocean governance is a conflicting area
(Vince 2014). To mediate these interests, various tools of
ocean governance are applied. However, ocean governance
does not develop in a neutral arena, as the previous section
has shown. Rather, it is influenced by dominant rationalities.
In the first part of this section, we focus on neoliberalism as
a main normative foundation for many governance decisions
in the last decades (Peet et al. 2011). The dominance of eco-
nomic considerations over other issues, or the belief that the
market mechanisms also help to solve environmental prob-
lems, however, leads to challenges and gaps in regard to
communities’ and indigenous peoples’ needs and concerns.
A closer look at these issues will form the second part of this
section. Particularly, while we do not wish to undermine the
importance of ocean governance as a concept, we would like
to sensitize that there can also be problematic developments,
which have to be investigated critically.
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3.4.1 Neoliberalism and Property Rights

as a Form of Ocean Governance

Even though ocean governance is often promoted by national
agencies and international organizations under the premise
of environmental protection, market forces also influence the
setup of tools and norms. As observed earlier, in the last cen-
tury, there was a move away from open access and freedom
of the seas not only to national control of the oceans but also
to the privatization of their resources (Mansfield 2004).
Since the 1950s, a new political economy of the oceans
emerged, with the question of the commons being a central
one (Mansfield 2004). Mansfield identifies neoliberalism as
a dominant form of ocean governance (Peet et al. (2011)
observed this for trend in environmental governance in gen-
eral). Using fisheries as an example, Mansfield outlines how
a specific form of neoliberalism developed in ocean gover-
nance over the last 60 years. Often, there is a belief in neolib-
eralism as a helpful explanation as well as remedy in
environmental governance: conservation is ineffective due to
market failure, and market mechanisms will lead to more
efficient environmental solutions in comparison to state-lead
initiatives. Through the assignment of property rights and
privatization, markets are created to govern the access to and
use of ocean resources (Mansfield 2004). Neoclassical and
neoliberal economists believe that economic efficiency will
ultimately lead to social and environmental welfare as well
(Mansfield 2004). In this tradition, conventional approaches
like Gordon (1954) assume that market rationality is natural
and that a lack of property rights leads to economic and envi-
ronmental problems. In this argumentation, there are many
parallels to the often repeated and much contested so-called
tragedy of the commons by Hardin (1968), published
14 years later (for a contrary view see, e.g., Ostrom et al.
1999). Also, the German Advisory Council on Global
Change adopts this notion and discusses how, without strong
rules, a rationality of exploitation would prevail and free rid-
ers would enrich themselves at the cost of the community
(WBGU 2013). Concerning fisheries specifically, Mansfield
outlines Gordon’s (1954) argumentation that “without prop-
erty regimes that constrain individual behavior, people will
overcapitalize and overuse resources because it is economi-
cally rational to do so” (Mansfield 2004, page 319). The
problem of overfishing and overcapitalization is seen in the
open-access regime and missing property rights. Commons
are distinguished from open access in that they are managed
through informal institutions, arrangements, etc. and there-
fore present a form of property rights. However, the underly-
ing economic approach is not challenged, and critical voices
on the economic backdrop and assumptions are not widely
spread (Mansfield 2004). Critical research reviewed by
Mansfield does not see the problem in the lack of property

rights but in power relations established through colonial-
ism, capitalism, and global markets (Mansfield 2004). Rather
than applying economic models on ocean governance, it
might be more helpful to investigate power relations that
lead to the problems that have to be solved (i.e., overfishing,
pollution, war). The following two case studies illustrate
some of the problems that can arise from incorporating a
neoliberal paradigm in ocean governance systems.

3.4.1.1 The Case of Fisheries and Quota
Management Systems

Even though neoliberalism has the basic principle that the
state should not interfere with the market, it still relies on the
state to create and maintain property rights. These property
rights are a form of enclosure (and therefore can enable
primitive accumulation), which then allow privatization
(Mansfield 2004). Regarding fisheries, market incentives are
created as property is defined as the right to fish (Mansfield
2004). One mechanism is, for example, the individual trans-
ferable quota system (ITQ) to marketize the allocation of fish
catch. Once publicly accessible, fishing grounds are now
restricted to the use of a small group of companies and indi-
vidual fisherpersons. Through privatization and commodifi-
cation, a new market is created (Mansfield 2004). ITQs are
“strong quasi-property rights” (Hersoug 2018, page 101).
Hersoug assesses ITQ systems critically, using the example
of Aotearoa New Zealand. In Aotearoa New Zealand, a
Quota Management System (QMS) was introduced in 1984,
during a neoliberal economic restructuring as a response to
crowded and overfished inshore fisheries (Hersoug 2018).
The market should regulate the situation. However, the sys-
tem is still dependent on strong government regulations and
is mainly managed in a top-down approach (Hersoug 2018).
Government interventions are also important to cater for the
interests of all stakeholders, as ITQs privilege just the groups
that have a share. The research outlines how the introduction
of QMS led to the exclusion of small-scale fishers, many of
them being Maori (indigenous people of Aotearoa New
Zealand) (Hersoug 2018). Even though Maori were included
in the QMS process and got a share which was celebrated as
a big success, the system failed in really enabling community
participation, and no “trickle-down” effects, e.g., in terms of
employment, could be observed (Hersoug 2018).

Hersoug is therefore quite critical of market-based solu-
tions like the Quota Management System. He observes
hardly any outcomes in terms of better stewardship for the
environment: “ITQ solutions have not contributed to
increased sustainability, neither in biological nor in social
terms” (Hersoug 2018, page 109). Even though QMS and
similar solutions do not solve all problems, they were recom-
mended by most fisheries economists, as property rights
were seen as an incentive for sustainable fisheries. Hersoug
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suggests that besides defining rights, also obligations should
be formulated. Additionally, the marine environment should
be framed as a public resource (Hersoug 2018).

3.4.1.2 The Case of Ocean Grabbing

When talking about property rights about ocean areas and
resources, also the issue of ocean grabbing has to be men-
tioned. That ocean governance does not always only promote
sustainable development but can also lead to (unintended)
negative outcomes, e.g., for local communities, is discussed
by several authors (Benjaminsen and Bryceson 2012;
Bennett et al. 2015; Hill 2017). Bennett et al. (2015) refer to
“ocean grabbing” as a process within which access and rights
to marine resources and spaces are reallocated. This can hap-
pen through enclosure, appropriation, and disposession (Hill
2017). Ocean grabbing is described as “actions, policies, or
initiatives that deprive small-scale fishers of resources, dis-
possess vulnerable populations of coastal lands, and/or
undermine historical access to areas of the sea” (Bennett
etal. 2015, page 61). Ocean grabbing can happen both inten-
tionally and unintentionally and be conducted by private as
well as state actors. Also, measures of ocean governance can
lead to ocean grabbing. Zoning, the creation of MPAs or fish-
eries policies, can deprive local communities of resource use
and access and lead to privatization or enclosure of marine
resources and areas (Bennett et al. 2015) — at the cost of for-
mer custodians and in favor of more powerful actors (Hill
2017). In a case study in Malaysia, Hill (2017) found that
through the establishment of a marine park, no-take zones
were installed that divorce fisherpeople from their means of
production. The protected areas now serve as “raw material”
for capitalist production, to the benefit of state officials as
well as commercial tourist operators. The local population
was not included in the decision-making process prior to the
establishment of the park. While the protection of our oceans
still remains an essential goal, the social impacts of marine
conservation have to be considered (Hill 2017).

3.4.2 Communities and Indigenous People
and Ocean Governance

When dealing with laws, conventions, policy documents,
and so on, it should not be forgotten that these decisions and
rules have effects not only in an abstract way but can also
affect the livelihoods of local communities and indigenous
people in both positive and negative ways (Davies et al.
2018). This is especially problematic when governance tools
are set up in a top-down manner and no real discussion is
possible (Ritchie 2014).

Marine spatial planning and marine protected areas were
discussed above as tools of ocean governance. In their
research on marine spatial planning (MSP), Boucquey et al.

(2016) analysed fisheries in the United States. They focus on
the representation of communities in the setting up of the
programs. Generally, Boucquey et al. (2016) found that man-
agement usually focuses on economic activities and does not
take into account “the complex ways fishing communities
are socially and emotionally integrated with marine species”
(Boucquey et al. 2016, page 4). Rather, these interactions
become simplified during the planning process. Communities
are labelled and categorized, and this “data” is fed into the
data system by “experts” such as planners or researchers.
According to Boucquey et al., the narratives surrounding
MSP and MPAs promote stabilization, categorization, and
organization as a means to improve ocean management
(Boucquey et al. 2016). This is underlined by the call for
more scientific data and knowledge, which is understood to
enable more efficient and effective governance (see, e.g.,
WBGU 2013). This will have the result that so-called expert
knowledge shapes how oceanic actors are portrayed.

The movement toward MSP can also be understood as a
proceeding neo-liberalization of nature, enforced through
enclosure and exploitation (Boucquey et al. 2016). Ritchie
(2014), for example, found in her research on MSP in the
United Kingdom that there is a supremacy of economic
development and the overarching goal to maximize eco-
nomic growth. The mapping of oceans for particular users
and uses during MSP processes sets up “the potential for
ocean enclosures to privilege the most powerful actors”
(Boucquey et al. 2016, page 2). These are seldom local com-
munities or indigenous people, but rather large companies
and nation-states (the ones with the biggest stake), a problem
also perceived by Ritchie (2014).

Even though for the high seas outside of national jurisdic-
tions, it might make sense to aim for overarching and general
governance and even top-down solutions, local communities
might get more out of small-scale, local, and bottom-up solu-
tions, which are potentially also more sustainable. Stephenson
et al. (2014, page 264) called for place-specific, local solu-
tions rather than “top-down, one-size-fits-all policy solu-
tions” that tend to “fail to achieve sustainable outcomes.”

Participation and inclusion in decision-making is not only
an issue concerning local communities in general but also
indigenous peoples in specific. Indigenous peoples often
have a deep cultural connection to the ocean. According to a
report by the United Nations (United Nations Economic and
Social Council 2016), they rely on oceans for food, health,
economic activities, and cultural practices. Generally, many
indigenous peoples do not distinguish so much between land
and ocean; in their worldview all is one and connected
(Nursey-Bray and Jacobson 2014; United Nations Economic
and Social Council 2016). In addition, indigenous peoples
often do not have access to traditional resources anymore;
they were deprived of rights and access to resources during
the colonial period and can also be affected by more recent
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governance processes (Stephenson et al. 2014). However,
there is not much research on indigenous people involvement
in MPA governance and management, as a literature review
carried out by Ban and Frid (2018) found. They point to lit-
erature on ocean grabbing to show the contested nature of
MPAs as places where conservation initiatives or the estab-
lishment of MSP or MPAs can deprive local communities of
resources and/or undermine access to areas (Bennett et al.
2015). Traditional governance systems in postcolonial states
were dominated by colonial forms of governance (Nursey-
Bray and Jacobson 2014). In this regard, there is a “historical
and ongoing collision between Western (and colonial) sys-
tems of law and governance and Indigenous modes of law
and governance” (Nursey-Bray and Jacobson 2014, page
29).

In the UN study on the relationship between indigenous
peoples and the Pacific Ocean, the authors state that gener-
ally indigenous people are not well included in decision-
making for a like the UN organizations (United Nations
Economic and Social Council 2016). Yet, the report finds
that “[...] their [indigenous peoples of the Pacific] ability to
meaningfully participate in decision-making on matters that
will have a direct impact on oceans and their environments is
limited” (United Nations Economic and Social Council
2016, page 3).

The situation in Aotearoa New Zealand provides another
example. Customary fishery rights eroded during the colo-
nial period (Bess and Rallapudi 2007). When a QMS was
about to be established, many iwi (Maori tribes) objected to
it due to concerns that even more rights would be alienated
from them. Settlements (1992 Fisheries Deed of Settlement
and Treaty of Waitangi (Fisheries Claims) Act 1992) found
that Maori customary fishing rights had not extinguished
(Bess and Rallapudi 2007). Specific legislation was passed
to protect customary fishing rights (i.e., Taiapure areas,
Mataitai reserves) (Bess and Rallapudi 2007). However,
these are relatively small in size and number, and due to the
lengthy and complicated establishment process, many Maori
groups shy away from applying for them.

The examples in this section show that global trends,
developments, and decisions have effects on local popula-
tion, and these social and cultural impacts have to be taken
into account in policy-making. In our opinion, especially the
adoption of market mechanisms to ocean governance is
problematic. Also, ocean governance is not independent
from or free of hegemonic paradigms, norms, and political
power structures. A thorough look is necessary to find out
who is winning and who is losing from specific governance
decisions and their complex effects. Taking that into account
might lead to a more comprehensive analysis of ocean gov-
ernance, as well as to more just decision-making processes
and more sustainable outcomes.

3.5 Overcoming the Obstacle:
Cooperation to Address a Common
Concern and the Importance

of Marine Scientific Research

As seen from the above, there are ample ways in which the
oceans can be governed in a more orderly and sustainable
manner. The adoption of ABMTs and other environmental
strategies, for instance, can provide positive results over a
short period (Hilborn and Ovando 2014). However, the pri-
macy of the zonal and sectoral aspects to marine governance
within the law of the sea sphere limits the potential of such
measures, simply because states and international organiza-
tions are only empowered to act within their respective juris-
dictions and mandates. To overcome this obstacle, two
initiatives are relevant. First, there is a need for enhanced
cooperation and coordination among states, between states
and international/regional organizations, and among interna-
tional/regional organizations. Industry and other private
actors also need to feature in this setup (Singh 2018). Second,
it is essential to view the protection of the marine environ-
ment as a shared concern or a “common concern of human-
kind,” in which all subjects of international law have a
legitimate interest in ensuring (Harrison 2017). Thus, any
form of activity taking place in the ocean spaces of any juris-
diction is a matter of shared concern if it causes significant
harm to the marine environment. Furthermore, this not only
includes activities at sea but also extends to the pollution of
the marine environment from land-based sources and from
or through the atmosphere.?

There is some evidence to indicate that the first initiative is
gaining traction. The proliferation of regional management
regimes in different geographic areas with extraterritoriality
jurisdiction illustrates that states are amenable to work together
to resolve common concerns. Furthermore, the increased
number in agreements to cooperate signed between interna-
tional organizations signal that global and regional institutions
are beginning to discover ways to harmonize the segregated
regulation of activities within their respective sectors and to
share their expertise. The involvement of industry within the
setup of these organizations is also encouraging, as it ensures
the wide acceptance of the results or outcomes of these inter-
nal processes. However, it should be noted that the prolifera-
tion of regional agreements and arrangements per se does not
necessarily result in actual improvements, particularly where
levels of compliance is low, enforcement is lax, or where non-
parties and outliers to the arrangements remain active in the
geographic area and undermine conservation efforts.

The second initiative is particularly troublesome due to
the complications arising from sovereignty and sovereign
rights. As states are entitled to explore and utilize the ocean

22 Articles 207 and 212, UNCLOS.
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resources within their jurisdiction pursuant to their domestic
policies and interests, it is difficult for other states to inter-
vene. Nevertheless, if the obligation to protect and preserve
the marine environment is seen as an erga omnes obligation,
this might encourage concerned states to commence dispute
resolution proceedings against a delinquent state (Harrison
2017). As the dispute resolution process under the UNCLOS
is mandatory, member states arguably have a recourse to
compel other states to be more attentive toward marine envi-
ronmental protection. It would be interesting to see how this
plays out in the future, particularly in the light of the com-
mon but differentiated responsibility precept, which accepts
that developing states are not legally required to adopt at par
environmental measures as developed states.

pation and transparency in decision-making and agenda-
setting (and the underlying power relations) at all levels also
deserve attention from future research. After all, the success
of realizing the Sustainable Development Goals, particularly
SDG 14, largely hinges on successful local and regional level
initiatives.

By viewing the protection of the marine environment as a
common concern of humankind, in which we need represen-
tation of various disciplines, this chapter calls for greater
coordination and coherence in a large shared area with com-
peting claims and conflicting uses. Such an approach is criti-
cal in ensuring the rational and sustainable use of the oceans
and its resources to meet current and future demands as well
as interests.

3.6  Conclusion

This chapter describes ocean governance as a concept that
embraces the sustainable and inclusive management of the
oceans across the various maritime zones and sectoral divi-
sions. It demonstrates the applicability of various norms and
tools to advance different objectives in ocean governance
and particularly promulgates the need to enhance coopera-
tion across the multiple actors and institutions that partici-
pate in activities at sea. It should also have become clear that
ocean governance is by no means a narrowly defined area,
both within and across disciplines. This underlines the
importance of interdisciplinary cooperation among different
strands of research, e.g., law and human geography, as well
as social sciences and natural sciences in general, to foster
mutual understanding. In writing this chapter, we became
even more conscious of the different approaches and per-
spectives adopted by our respective disciplines when dealing
with the issue of ocean governance. Therefore, the goal of
the chapter was not to circumscribe a common position but
rather to emphasize topics in ocean governance that are
important to us from our specific standpoints. We think that
interdisciplinary approaches in research could help to
improve analysis as well as the development of ocean gover-
nance, as perspectives from other disciplines might shed new
light on many topics.

Obviously, different disciplines ask different questions.
An integration of different forms of knowledge could there-
fore help to develop a more holistic perspective and address
concerns that are not presently considered by any single dis-
cipline. For instance, although we did not touch upon it in
this chapter, future research could benefit from a stronger
inclusion of economic perspectives in the ocean governance
discourse. Even if the application of economic mechanisms
in fields like conservation is often disputed, it is necessary to
critically consider the perspective of economists to have a
truly comprehensive picture. Additionally, issues of partici-

Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 4: “Law and Policy Dimensions of Ocean
Governance.” The original Call for Abstracts and the
abstracts of the presentations within this session can be
found in the Appendix “Conference Sessions and Abstracts”,
Chapter “3 Law and Policy Dimensions of Ocean
Governance”, of this book.
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Status of Marine Biodiversity
in the Anthropocene
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Abstract

Marine biodiversity plays an important role in providing
the ecosystem functions and services which humans
derive from the oceans. Understanding how this provi-
sioning will change in the Anthropocene requires knowl-
edge of marine biodiversity patterns. Here, we review the
status of marine species diversity in space and time.
Knowledge of marine species diversity is incomplete,
with only 11% of species described. Nonetheless, marine
biodiversity is clearly under threat, and habitat destruc-
tion and overexploitation represent the greatest stressors
to threatened marine species. Claims that global marine
extinction rates are within historical backgrounds and
lower than on land may be inaccurate, as fewer marine
species have been assessed for extinction risk. Moreover,
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extinctions and declines in species richness at any spatial
scale may inadequately reflect marine diversity trends.
Marine local-scale species richness is seemingly not
decreasing through time. There are, however, directional
changes in species composition at local scales. These
changes are non-random, as resident species are replaced
by invaders, which may reduce diversity in space and,
thus, reduce regional species richness. However, this is
infrequently quantified in the marine realm and the conse-
quences for ecosystem processes are poorly known. While
these changes in species richness are important, they do
not fully reflect humanity’s impact on the marine realm.
Marine population declines are ubiquitous, yet the conse-
quences for the functioning of marine ecosystems are
understudied. We call for increased emphasis on trends in
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abundance, population sizes and biomass of marine spe-
cies to fully characterize the pervasiveness of anthropo-
genic impacts on the marine realm.

Keywords

Extinction - Defaunation - Biotic homogenization -
Conservation - Anthropogenic stressors - Ecosystem
function - Ecosystem service - Marine threats

4.1 Introduction

Humans have impacted 87-90% of the global ocean surface
(Halpern et al. 2015; Jones et al. 2018). Marine fish abun-
dance has declined by 38% compared to levels in 1970
(Hutchings et al. 2010). The area of certain coastal marine
habitats, like seagrass beds and mangroves, has been depleted
by over two-thirds (Lotze et al. 2006). Anthropogenic activi-
ties have increased atmospheric carbon dioxide (CO,) con-
centrations by over 40% relative to pre-industrial levels
(Caldeira and Wickett 2003), reducing the global ocean pH by
0.1 unit in the past century (Orr et al. 2005). The scale of these
human impacts has triggered the naming of a new geological
epoch, the Anthropocene, where humans dominate biogeo-
chemical cycles, net primary production, and alter patterns of
biodiversity in space and time (Crutzen 2002; Haberl et al.
2007). These impacts have led to a loss of global biodiversity
which is comparable to previous global-scale mass extinc-
tion events (see Box 4.1; Barnosky et al. 2011; Ceballos et al.
2015), suggesting that we are in a biodiversity crisis.

Addressing this human-induced biodiversity crisis is one
of the most challenging tasks of our time (Steffen et al.
2015). The conservation of biodiversity is an internationally
accepted goal, as exemplified by the United Nations
Convention on Biological Diversity (CBD) Strategic Plan for
Biodiversity 2011-2020, which aims to “take effective and
urgent action to halt the loss of biodiversity in order to ensure
that by 2020 ecosystems are resilient and continue to provide
essential services” (CBD COP Decision X/2 2010).
Furthermore, international policies with marine biodiversity
targets are being adapted at national and regional levels
(Lawler et al. 2006), as is reflected by the recent addition
of Sustainable Development Goal 14: “Conserve and sus-
tainably use the ocean, seas and marine resources” (United
Nations General Assembly 2015). These goals focus on a
multi-level concept of biodiversity: biological variation in all
its manifestations from genes, populations, species, and
functional traits to ecosystems (Gaston 2010).

The wide acceptance of these national and international
policy goals reflects a growing understanding of the impor-
tance of biodiversity to humans (Costanza et al. 1997; Palumbi
et al. 2009; Barbier et al. 2011). Marine ecosystems provide a
variety of benefits to humanity. These ecosystem services

(see Box 4.1) include the supply of over a billion people with
their primary protein source, widespread waste processing,
shoreline protection, recreational opportunities, and many
others (MEA 2005; Worm et al. 2006; Palumbi et al. 2009).
However, as marine ecosystems are degraded and biodiversity
declines, the ability of ecosystems to deliver these ecosystem
services is being lost (MEA 2005). Moreover, pressures on the
marine realm may increase if the terrestrial environment con-
tinues to be degraded and humankind becomes increasingly
reliant on marine ecosystem services (McCauley et al. 2015).
The provisioning of ecosystem services is strongly cou-
pled to ecosystem functioning (Cardinale et al. 2012;
Harrison et al. 2014). Ecosystem functions (see Box 4.1)
refer broadly to processes that control fluxes of energy and
material in the biosphere and include nutrient cycling, pri-
mary productivity, and several others. There is now unequiv-
ocal evidence that high biodiversity within biological
communities enhances ecosystem functioning in a variety of
marine ecosystems and taxonomic groups (reviewed in
Palumbi et al. 2009; Cardinale et al. 2012; Gamfeldt et al.
2015). These studies mostly focus on local-scale diversity
and on productivity as the ecosystem function. Nonetheless,
similar patterns have been found at larger spatial scales
(Worm et al. 2006) and for various other ecosystem func-
tions (Lefcheck et al. 2015). Marine biodiversity is also
linked to ecosystem stability through time (see Box 4.1;
McCann 2000; Schindler et al. 2015). High fish diversity, for
example, is associated with fisheries catch stability through
time (Greene et al. 2010). Thus, diversity is not only linked
to ecosystem functioning in marine communities but also
improves the stability of these functions through time.
Several mechanisms have been proposed to explain the
link between biodiversity, and ecosystem functioning and sta-
bility. For example, species occupying different niches is
known as complementarity. “Complementarity effects”
appear prevalent in marine ecosystems as niche partitioning
is commonly documented (Ross 1986; Garrison and Link
2000). Diverse assemblages of herbivorous fishes on coral
reefs, for instance, are more efficient at grazing macroalgae
due to different feeding strategies (Burkepile and Hay 2008).
Furthermore, diverse communities are also more likely to
contain well-adapted species, or species which disproportion-
ately affect ecosystem function (Palumbi et al. 2009). These
“selection effects” can be important, as single species can
have strong effects on ecosystem functions in marine systems
(Paine 1969; Mills et al. 1993; Gamfeldt et al. 2015). The
evidence for complementarity and selection effects suggests
that the mechanisms driving the effect of diversity on ecosys-
tem functioning are linked to functional diversity (see Box
4.1)—or the range of functions that organisms perform in an
ecological community (Petchey and Gaston 2006). However,
several species from the same functional group can be impor-
tant for maintaining the stability of an ecosystem over time as
species often respond differentially to temporal environmen-
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Box 4.1 Glossary
Ecosystem-related terms

Ecosystem engineers: Species that regulate resource
availability to other species by altering biotic or abiotic
materials (Jones et al. 1994).

Ecosystem services: The benefits that humans derive
from ecosystems (Cardinale et al. 2012).

Ecosystem function: Any ecological process that
affects the fluxes of organic matter, nutrients and
energy (Cardinale et al. 2012).

Ecosystem stability: The variability in an ecosystem
property (e.g., biomass, species richness, primary pro-
ductivity) through time (Schindler et al. 2015). Stable
communities are those with low variability in ecosys-
tem properties through time.

Keystone species: Species that affect communities
and ecosystems more strongly than predicted from
their abundance (Power et al. 1996).

Extinction and defaunation terms

Background extinction: The rate of natural species
extinction through time prior to the influence of
humans (Pimm et al. 1995).

Extinctions per million species years (E MSY!): The
metric used to measure background extinction rates.
This metric measures the number of extinctions per
million species years. For example, if there are 20 mil-
lion species and an extinction rate of 1 E MSY"!, 20
species would be predicted to go extinct each year.

Mass extinction event: Substantial biodiversity losses
that are global in extent, taxonomically broad, and
rapid relative to the average duration of existence for
the taxa involved (Jablonski 1986). The ‘Big Five’ are
quantitatively predicted to have approximately 75% of
species having gone extinct (Jablonski 1994; Barnosky
etal. 2011).

Global extinction: When it is beyond reasonable
doubt that the last individual of a taxon has died (IUCN
2017).

Local extinction: The loss of a species from a local
community or in part of its geographical range.

Biotic homogenization: The process where native
species (losers) are replaced by more widespread,
human-adapted species (winners). These are often
non-native species (McKinney and Lockwood 1999).

e Loser species (Losers): Species that are
declining due to human activities in the
Anthropocene. These are typically geographi-
cally restricted, native species with sensitive
requirements, which cannot tolerate human
activities.

e Winner species (Winners): Species that not
only resist geographic range decline in the
Anthropocene, but also expand their ranges.
These are typically widespread generalists which
thrive in human-altered environments.

Defaunation: The human induced loss of species and
populations of animals, along with declines in abun-
dance or biomass (Young et al. 2016).

Ecological extinction: Occurs when species are extant
but their abundance is too low to perform their func-
tional roles in the ecological community and ecosys-
tem (McCauley et al. 2015).

Diversity terms

Local diversity: The number of species in an area at a
local spatial scale.

Spatial beta diversity: The change in species compo-
sition across space, i.e., the difference in species com-
position between two local communities. It is
frequently quantified as the change in species compo-
sition with distance (McGill et al. 2015).

Temporal beta diversity (turnover): The change in
species composition through time, i.e., the difference
in species composition in a local community at two
points in time.

Functional diversity: The range of functions per-
formed by organisms in an ecological community or
an ecosystem (Petchey and Gaston 2006).
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Table 4.1 The five most recent global estimates of the number of marine eukaryotic species based on a variety of methods (see Supplementary
Material A for an overview of the different methods). The proportion of described species is calculated using 239,634 described species based on
the number of species in the World Register of Marine Species database (WoRMS Editorial Board 2018, 15th April 2018; http://www.marinespe-
cies.org/) and the mean or midpoint of the different estimates of total species numbers

References Estimation method

Estimated species Described species (%)

Mora et al. (2011)
Costello et al. (2010)
Appeltans et al. (2012)

Higher taxonomic extrapolation
Expert opinion
Expert opinion
Past discovery rate extrapolation

Costello et al. (2012) Expert opinion

2,210,000 = 182,000 11
1,000,000 — 1,400,000° 20
704,000 — 972,000° 29
540,000 +220,000* 44
295,000 — 321,000° 78

“means + standard errors; "ranges

tal fluctuations (McCann 2000; Schindler et al. 2015). As
such, having several species with similar functional roles can
maintain ecosystem functioning through time.

Clearly, understanding how ecosystem function and ser-
vice delivery will change through time requires knowledge of
biodiversity and its temporal dynamics. As a contribution to
this goal, we review the status of marine eukaryotic species
(referred to as species hereafter) diversity in space and time
in the Anthropocene. First, many biodiversity targets, such as
those in the CBD, reflect known species. Thus, we briefly
review the knowledge of global marine species diversity.
Secondly, the current “biodiversity crisis” suggests there is a
rapid loss of species diversity. As such, we examine trends in
the loss of marine species diversity at multiple spatial and
temporal scales, and its potential implications for ecosystem
functioning and stability over time. Doing so, we summarize
the main threats to marine biodiversity. Thirdly, we argue that
focusing on losses of species diversity inadequately reflects
the changes currently occurring in the marine realm.
Therefore, we call for a greater emphasis on trends in abun-
dance, population sizes, and biomass through time to better
characterize the pervasiveness of anthropogenic impacts on
the marine realm. Finally, we develop the greatest threats that
are negatively affecting marine species in more detail, and
discuss what measures are being employed to mitigate these
risks. Our review focuses on species richness as a measure of
biodiversity, as this is the most commonly used metric in
conservation biology and ecology (Gaston 2010).

4.2  Global Marine Species Diversity

How many species inhabit the oceans and how many do we
know about? The five most recent estimates of extant marine
species using several indirect methods range from ~300,000
to 2.2 million, a full order of magnitude (Table 4.1;
Supplementary Material A). Of these estimated species,
approximately 240,000 have been described (WoRMS
Editorial Board 2018 as of 15 April 2018). This suggests that
between 11 and 78% of all marine species have been discov-
ered and described, and reveals high levels of uncertainty in

our knowledge of global marine biodiversity. This uncer-
tainty is particularly prevalent in under sampled marine habi-
tats such as the deep sea (Bouchet et al. 2002; Webb et al.
2010), and in taxonomic groups with few taxonomic experts
(Costello et al. 2010; Griffiths 2010). Moreover, many
marine species are small (<2 mm) and cryptic, and have only
begun to be discovered with new molecular methods (de
Vargas et al. 2015; Leray and Knowlton 2016). Thus, there is
considerable uncertainty in estimates of how many marine
species there are, along with potentially low levels of taxo-
nomic knowledge about these species.

Incomplete knowledge of marine species diversity has
serious implications for marine conservation. First, targeted
conservation efforts that adequately represent local and
regional biodiversity can only be effectively implemented
with adequate biodiversity data (Balmford and Gaston 1999;
Brito 2010). Without knowing how many species there are,
there is no way to know whether we are effectively conserv-
ing marine diversity in different regions and marine groups.
Indeed, decisions made using incomplete taxonomic knowl-
edge have been shown to inadequately represent biodiversity
if species are continually discovered and described (Bini
et al. 2006; Grand et al. 2007). Second, a species must be
described to be assessed by the International Union for
Conservation of Nature (IUCN 2017; Box 4.2). Currently,
the coverage of marine species on the [UCN Red List is
severely incomplete (Fig. 4.1a). This is important as the
TUCN is the global authority for assigning conservation sta-
tuses and assessing species extinction risks (IUCN 2017). If
conservation efforts are to adequately represent marine bio-
diversity and understand the conservation status of marine
species, it may be key to improve estimates of global marine
diversity and marine taxonomic knowledge.

4.3 Trends in Marine Biodiversity

Loss and its Consequences

The simplest, and perhaps most cited, type of biodiversity
loss is global extinction (see Box 4.1). Global extinctions
occur when the last individual of a species has died. While
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Box 4.2 Spotlight on the IUCN Red List of Threatened
Species

The IUCN Red List constitutes the most comprehen-
sive database of the global conservation status of spe-
cies (IUCN 2018). It contains a range of information
related to species population size and trends, geo-
graphic distribution, habitat and ecology, threats, and
conservation recommendations. The assignment of a
conservation status is based on five categories: (i) pop-
ulation trends; (ii) geographic range size trends; (iii)
population size; (iv) restricted geographic distribution;
and (v) probabilistic analyses of extinction risk. The
magnitude of these five categories places a species into
a conservation category. The categories used in this
review are detailed below. Species that are vulnerable,
endangered, or critically endangered are considered
threatened with extinction.

* Data deficient (DD): There is insufficient popula-
tion and distribution data to assess the extinction
risk of the taxon.

¢ Least concern (LLC): Based on the available data,
the taxon does not meet the criteria to be NT, VU,
EN, or CR.

e Near threatened (NT): Based on the available
data, the taxon does not meet the criteria to be VU,
EN, or CR but is expected to qualify for one of the
threatened categories in the future

e Vulnerable (VU): The available data suggest that
the taxon faces a high risk of extinction in the wild.

* Endangered (EN): The available data suggest that
the taxon faces a very high risk of extinction in the
wild.

e Ciritically endangered (CR): The available data
suggest that the taxon faces an extremely high risk
of extinction in the wild.

» Extinct in the wild (EW): The taxon is known only
to survive in cultivation, in captivity, or as a natural-
ized population well outside the past range.

e Extinct (EX): There is no reasonable doubt that the
last individual of a taxon has died.

we may remain unaware of the current global extinction risk
of many marine species, the fossil record can provide an
insight into how long species typically survived before
anthropogenic stressors became widespread. The oldest
known horseshoe crab fossil dates back 445 million years
(Rudkin et al. 2008). Known as a “living fossil,” the horse-
shoe crab is part of a small group of organisms which have
survived millions of years of Earth’s history. The persistence
of the horseshoe crab through time is, however, an exception.
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Over 90% of marine organisms are estimated to have gone
extinct since the beginning of life (Harnik et al. 2012). This
rate of natural species extinction through time is referred to
as background extinction (see Box 4.1) and specifically
refers to extinction rates prior to the influence of humans
(Pimm et al. 1995). Widely accepted historic estimates range
between 0.01 and 2 extinctions per million species-years
(E MSY"; see Box 4.1, Table 4.2). The background extinc-
tion rate has been thoroughly investigated to contextualize
the anthropogenic influence on accelerating species extinc-
tions. It also provides a benchmark to differentiate intervals
of exceptional species losses or “mass extinction events”
from the prevailing conditions in Earth’s history.

Current extinction rates of 100 E MSY! are at least
10-1000 times higher than the background rates, suggesting
that we have entered the sixth mass extinction event in
Earth’s history (Pimm et al. 1995, 2014; Barnosky et al.
2011). Increases in atmospheric CO, and ocean acidification
measured for the current proposed sixth mass extinction
have been associated with three of the five previous mass
extinctions (Kappel 2005; Harnik et al. 2012). It is, however,
the first time that these changes are anthropogenically driven.
The impacts of these anthropogenic stressors are observed
directly in vertebrate extinctions. Over 468 more vertebrates
have gone extinct since 1900 AD than would have been
expected under the conservative background extinction rate
of 2 E MSY! (Ceballos et al. 2015). This increased extinc-
tion rate argues in favor of anthropogenic causes for the cur-
rent mass extinction.

The high extinction rates currently observed are largely
due to the loss of terrestrial species (Barnosky et al. 2011,
Ceballos et al. 2015). In contrast, estimated extinction rates
of marine species have been closer to background extinction
rates (Table 4.2; Harnik et al. 2012). Records from the IUCN
indicate that only 19 global marine extinctions have been
recorded in the last ca. 500 years (IUCN 2017). Conversely,
514 species from the terrestrial realm have gone extinct in
the same timeframe (McCauley et al. 2015). The asymmetry
in the number of extinctions between the marine and terres-
trial environments has led to suggestions that defaunation
(see Box 4.1), or human-induced loss of animals, has been
less severe in the marine realm and may be just beginning
(e.g., McCauley et al. 2015). Indeed, although marine
resources have been harvested by humans for over
40,000 years, the intense exploitation of marine life is a rela-
tively recent phenomenon compared to the terrestrial realm,
only commencing in the last few hundred years (O’Connor
et al. 2011; McCauley et al. 2015). Additionally, multiple
biological factors have been proposed to explain the observed
low extinction rates of marine species. Background extinc-
tion rates of marine species have decreased with time, which
suggests that extinction susceptible clades have already gone
extinct (Harnik et al. 2012). Moreover, marine species tend
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IUCN
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Fig. 4.1 (a) The conservation status of 12,924 [UCN-assessed marine
species. Only 10,142 are in a category other than data deficient, an inad-
equate level of assessment (IUCN 2018). This represents 4.2% of cur-
rently described marine species (WoRMS Editorial Board 2018, 15
April 2018), and only between 0.5 and 3.3% of the estimated total
marine species. Of the assessed species, 11% are either critically endan-
gered (CE), endangered (EN), or vulnerable (VU), and are thus consid-
ered threatened with extinction. (b) Taxonomic distribution of marine
species threatened with extinction, as defined by being classified CR,

Table 4.2 Various estimates of the background extinction rate using
different methods and taxonomic groups. These rates are 10-1000 times
lower than estimates of current extinction rates (Pimm et al. 1995,
2014; Barnosky et al. 2011). Extinction rates are measured in E MSY,
or the number of extinctions (E) per million species-years (MSY)
(Pimm et al. 1995, 2014; Box 4.1)

E MSY!

References estimate Taxonomic/animal group Method
Pimm 0.1-1 Marine invertebrates Fossil record
et al.
(1995)
Barnosky 1.8 Vertebrates Fossil record
etal.
(2011)
Harnik 0.01- Cetacea, marine Carnivora, Fossil and
et al. 0.27 Echinoidea, historical
(2012) Chondrichthyes, records

Scleractinia, Gastropoda,

Crustacea, Osteichthyes,

Bivalvia, Bryozoa,

Brachiopoda
De Vos 0.1 Chordata, Mollusca, Molecular
etal. Magnoliophyta, and phylogenies
(2015) Arthropoda

to have traits which are associated with a reduced extinction
risk, such as larger geographic range sizes and lower rates of
endemism (Gaston 1998; Sandel et al. 2011). Finally, on
average, marine species can disperse further than terrestrial
species and, thus, may respond better to environmental
changes (Kinlan and Gaines 2003).
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EN, or VU. Of these assessments, 64% are species from well-described
groups (Webb and Mindel 2015). Furthermore, 64 of 88 recognized
marine groups (groups as per Appeltans et al. 2012) had no IUCN
assessed species (Webb and Mindel 2015). The “other chordates” cate-
gory includes Mammalia, Myxini, Reptilia, and Sarcopterygii, and
“other” category includes Polychaeta, Insecta, Malacostraca,
Maxillopoda, Merostomata, Hydrozoa, and Holothuroidea. These were
grouped due to low species availability. Data extracted from TUCN
(2018)

Nonetheless, the suggestion that extinction rates in the
marine realm are lower than in the terrestrial realm is, how-
ever, not fully supported for several reasons. First, current
marine and terrestrial extinctions may not be directly compa-
rable. Species must be discovered and described taxonomi-
cally before they can be given a conservation status or shown
to be extinct (Costello et al. 2013). As such, if the marine and
terrestrial realms have variable rates of species discovery,
taxonomic description, or conservation assessment, the
detectability of their respective extinctions could differ
(Pimm et al. 2014). The oceans are vast and largely inhospi-
table to humans. This makes marine systems particularly
challenging to study. As a result, large parts of the marine
realm are undersampled, there is a lack of taxonomic exper-
tise for certain groups and, thus, marine extinction rates may
have been underestimated (see Section 2). Although esti-
mates of global species richness vary widely, there seems to
be little difference in the proportion of marine and terrestrial
species that have been described (ca. 30%, Appeltans et al.
2012; Pimm et al. 2014). However, of all taxonomically
described species, the IUCN has assessed proportionally
fewer marine than terrestrial species (3% vs. 4%), which
might partially explain the discrepancy in extinction rates
(Webb and Mindel 2015). This premise is supported by
Webb and Mindel (2015), who found that there is no differ-
ence in extinction rate between marine and terrestrial species
for marine groups that have been well-described and well-
assessed. Thus, studies suggesting that marine extinction
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rates are low compared to terrestrial rates may be
inaccurate.

Secondly, although global extinctions are important evo-
lutionary events, and tools for highlighting conservation
issues (Rosenzweig 1995; Butchart et al. 2010), they inade-
quately reflect the consequences of anthropogenic impacts
on the ocean. There is little doubt that extinction rates are
increasing at local and global scales (McKinney and
Lockwood 1999; Butchart et al. 2010; Barnosky et al. 2011).
However, local-scale time series (between 3 and 50 years)
covering a variety of taxa and marine habitats around the
world show no net loss in species richness through time
(Dornelas et al. 2014; Elahi et al. 2015; Hillebrand et al.
2018). These time series analyses have recently received
substantial criticism as synthetized by Cardinale et al. (2018).
For instance, they are not spatially representative and do not
include time series from areas which have experienced
severe anthropogenic impacts such as habitat loss. Habitat
loss and reduced habitat complexity due to anthropogenic
disturbance may indeed reduce local-scale species richness
and abundance in a variety of marine ecosystems (Airoldi
et al. 2008; Claudet and Fraschetti 2010; Sala et al. 2012).
Still, despite the limitations of the time series and the contra-
dictory evidence from local-scale comparisons, the
time series analyses illustrate an important point: changes in
biodiversity at global scales may not always be evident in the
properties of local-scale communities.

Focusing on extinctions and reductions in species rich-
ness can also hide changes in community composition
(McGill et al. 2015; Hillebrand et al. 2018). There is increas-
ing evidence that the destruction and modification of struc-
turally complex habitats is leading to the rapid disappearance
of the diverse communities they harbor at local, regional, and
global scales (Lotze et al. 2006; Airoldi et al. 2008). For
example, kelp forests and other complex macroalgal habitats
have declined notably around the world, most likely due to
overfishing and reduced water quality (Steneck et al. 2002).
Similarly, 85% of oyster reefs, once an important structural
and ecological component of estuaries throughout the world,
have been lost (Beck et al. 2011). Globally, coastal habitats
are among the most affected habitats (Halpern et al. 2015).
This loss in habitat complexity can lead to geographic range
contraction or local extinction (see Box 4.1) of associated
resident species (losers; see Box 4.1), and the range expan-
sion of a smaller number of cosmopolitan “invaders” with an
affinity for human-altered environments (winners; see Box
4.1; McKinney and Lockwood 1999; Olden et al. 2004;
Young et al. 2016). Thus, although local species richness
may remain stable or even increase, there may be substantial
changes in species composition through time, or temporal
species turnover (see Box 4.1; Dornelas et al. 2014;
Hillebrand et al. 2018). If resident species (losers) are going
extinct locally and being replaced by these cosmopolitan

invaders (winners), it is likely that adjacent communities in
space will become more similar. This will result in declines
in spatial beta diversity: the change in species composition
across space (see Box 4.1). The consequence of this would
be lower regional species richness, or large-scale biotic
homogenization (see Box 4.1; McKinney and Lockwood
1999; Sax and Gaines 2003).

Biotic homogenization is not a new phenomenon, how-
ever, the process might have accelerated for several reasons
(McKinney and Lockwood 1999; Olden et al. 2004). First,
the breakdown of biogeographic barriers following the emer-
gence of global trade in the nineteenth century (O’Rourke
and Williamson 2002) has led to the widespread introduction
of species out of their native range (Molnar et al. 2008;
Hulme 2009; Carlton et al. 2017). As local habitat distur-
bance typically creates unoccupied niches, invasion by exot-
ics is facilitated and, thus, local endemic species can be
replaced with widespread species (Bando 2006; Altman and
Whitlatch 2007; McGill et al. 2015). Although only a small
fraction of non-native species successfully disperse and
invade new habitats, the ecological and economic impacts
are often significant (Molnar et al. 2008; Geburzi and
McCarthy 2018). Secondly, similar types of habitat destruc-
tion or modification across space are leading to large-scale
reductions in habitat diversity (McGill et al. 2015). For
example, trawling activities have been reported on 75% of
the global continental shelf area, which has considerably
homogenized benthic habitats in space (Kaiser et al. 2002;
Thrush et al. 2006). Moreover, vast dead zones emerge annu-
ally following the runoff of excessive nutrients and sediment
from land, leading to eutrophication of coastal areas,
increased algal blooms, and finally hypoxic aquatic condi-
tions (Crain et al. 2009). This type of pollution can severely
affect the growth, metabolism, and mortality of marine spe-
cies (Gray 2002), and lead to large-scale homogenization of
marine habitats and associated biological communities
(Thrush et al. 2006). Finally, the rising temperatures associ-
ated with climate change, which is considered one of the
most serious emerging threats to marine species and ecosys-
tems (Harley et al. 2006; Rosenzweig et al. 2008; Pacifici
et al. 2015), is causing species’ range expansions and con-
tractions, consequently altering spatial diversity patterns
(Harley et al. 2006; Sorte et al. 2010). On average, marine
organisms have expanded their distribution by approximately
70 km per decade in response to climate change, mostly in a
poleward direction (Poloczanska et al. 2016). Polar species,
which are unable to shift their range further poleward, are
likely to be replaced by species expanding from temperate
regions, leading to a reduction in both regional and global
diversity.

Currently, there is insufficient evidence to quantify the
extent of biotic homogenization in marine communities and
whether there are trends through time (Airoldi et al. 2008;
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McGill et al. 2015). There are, however, some examples of
anthropogenic disturbances reducing spatial beta diversity in
certain marine ecosystems. For instance, increased sedimen-
tation has been shown to reduce spatial beta diversity
between vertical and horizontal substrates in subtidal algal
and invertebrate communities (Balata et al. 2007a, b).
Furthermore, there is evidence that loss of habitat through
bottom trawling does reduce spatial beta diversity, thus,
reducing regional species richness (Thrush et al. 2006).
Moreover, a recent analysis demonstrated declines in the spa-
tial beta diversity of marine groundfish communities in the
past 30 years, which is thought to be linked to recent ocean
warming (Magurran et al. 2015). However, to our knowl-
edge, this is the only explicit quantification of trends in spa-
tial beta diversity through time in the marine realm. Moreover,
the relative roles of species introductions, habitat loss and
modification, and range shifts due to climate change are
poorly known. Thus, understanding how biodiversity at
broader scales is changing represents an important future
challenge in marine species conservation.

The non-random distribution of winners and losers among
taxonomic and functional groups is likely to worsen and
intensify biotic homogenization. Certain ecological and life
history traits influence the vulnerability of species to extinc-
tion (Roberts and Hawkins 1999; Dulvy et al. 2003; Reynolds
et al. 2005; Purcell et al. 2014). For example, rare, large,
highly specialized species with small geographic ranges are
more likely to experience range contractions or local extinc-
tions under human pressure (Dulvy et al. 2003). Conversely,
smaller generalist species with a widespread geographic
range and traits which promote transport and establishment
in new environments tend to respond better to these pres-
sures (McKinney and Lockwood 1999). Traits favoring
either extinction or range expansion in the Anthropocene
tend to be phylogenetically nested within certain groups of
closely related species on the tree of life (McKinney 1997).
Consequently, some taxonomic groups are more vulnerable
to decline and extinction threats (see Fig. 4.1b, Lockwood
et al. 2002). The unique morphological and behavioral
adaptations within these groups are thus vulnerable to loss,
especially if taxa are species-poor (McKinney and Lockwood
1999). Similarly, the winners of the Anthropocene tend to be
clustered within certain taxa, further contributing to global
biotic homogenization and losses in regional species
diversity.

The implications of a loss in local diversity (see Box 4.1)
for ecosystem functions and services are well-studied
(Cardinale et al. 2012; Gamfeldt et al. 2015; Lefcheck et al.
2015), but the consequences of reductions in beta diversity at
various spatial and temporal scales remain poorly under-
stood. Studies on biotic homogenization usually describe the
increased similarity in species composition between commu-
nities, driven by the replacement of many specialized species

with few widespread generalist invaders (McKinney and
Lockwood 1999; Olden et al. 2004). However, the presence
of complementarity and selection effects on ecosystem func-
tions suggests that the consequences of biotic homogeniza-
tion on ecosystem functioning is best studied in terms of the
diversity and composition of functional groups in the com-
munity (Olden et al. 2004; Palumbi et al. 2009). The spatial
redistribution of taxonomic groups due to biotic homogeni-
zation may also alter the composition and variation in the
functional groups of communities across marine habitats.
The consequences of these changes across space for marine
ecosystem functioning are currently not well-known.

The loss of specialists and replacement by generalist spe-
cies or functional groups may negatively affect ecosystem
functioning at multiple spatial scales. There is a trade-off
between a species’ ability to use a variety of resources and
the efficiency by which each of these resources is used
(Clavel et al. 2011). At local scales, specialists are more effi-
cient at using few specific resources when the environment is
stable (Futuyama and Moreno 1988; Colles et al. 2009). For
example, specialist coral reef fish grow faster than general-
ists in a few habitats, but the growth rate of generalists is
more consistent across a range of habitats (Caley and
Munday 2003). Thus, the replacement of specialized species
with generalists will lead to reduced ecosystem functioning
on a local scale (Clavel et al. 2011; Cardinale et al. 2012). On
a broader spatial scale, specialist species replace each other
along environmental gradients, with each species optimally
utilizing the resources in their specific environment
(Rosenzweig 1995). For example, in marine systems, mono-
cultures of well-adapted species had better ecosystem func-
tioning than diverse communities on a local scale, even
though diverse communities outperformed the average
monoculture (Gamfeldt et al. 2015). This suggests that
locally adapted specialist species are important for ecosys-
tem functioning. As a result, the decrease in species turnover
along environmental gradients following biotic homogeniza-
tion may reduce the prevalence of locally adapted species,
which in turn may cause a reduction in ecosystem function-
ing on a broader scale. In addition, functional homogeniza-
tion between communities will likely reduce the range of
species-specific responses to environmental change (Olden
et al. 2004). Ecological communities will become increas-
ingly synchronized when facing disturbance, reducing the
potential for landscape or regional buffering of environmen-
tal change, and finally reducing the stability of ecosystem
functions (Olden et al. 2004; Olden 2006). Thus, even though
generalist species are more resilient to environmental change
on a local scale, at broader spatial scales, the reduced num-
ber of specialists may negatively affect the stability of the
system (Clavel et al. 2011). Improving our understanding of
the functional consequences of biotic homogenization is,
thus, key to understanding how current biodiversity trends
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will impact ecosystem functioning and the delivery of asso-
ciated ecosystem services.

4.4 Looking Beyond Extinctions:
Population Declines in the Marine

Realm

Understanding extinctions and how biodiversity is changing
through time and space is an important aspect of marine con-
servation. However, extinctions and declines in species rich-
ness do not fully reflect the extent of humanity’s impact on
the marine realm (McCauley et al. 2015). At the base of
marine biological communities are populations of interact-
ing species. In the marine realm, population declines are
ubiquitous and often severe (Jackson et al. 2001). Therefore,
to understand human impacts on marine biodiversity, and its
consequences for ecosystem processes, it is crucial to under-
stand the associated changes in species’ population
dynamics.

Between 1970 and 2012, the average size of 5,829 popu-
lations of 1,234 species of marine vertebrates has declined
by 49% (WWF 2015). Overexploitation is the major cause of
these declines, both through direct mortality of target species
and multiple collateral effects on non-target species (Crain
et al. 2009; WWF 2015). Harvested fish populations are rou-
tinely depleted by 50-70% (Hilborn et al. 2003), and losses
of up to 90% are common (Myers and Worm 2005). These
population declines are, however, not confined to vertebrates.
The commercial exploitation of the white abalone in
California and Mexico led to a reduction in population size
to 0.1% of estimated pre-overexploitation levels (Hobday
et al. 2000). Similarly, the increased demand for sea cucum-
bers as luxury food or traditional medicine in the last three
decades has led to severe population declines, with 69% of
sea cucumber fisheries now considered overexploited
(Anderson et al. 2010). Thus, intensive harvesting of marine
resources in recent times has caused widespread declines in
several targeted marine species populations.

Overexploitation of targeted species can also affect popu-
lations of other marine species indirectly through bycatch,
injury-induced mortality, or altered species interactions fol-
lowing population declines of target species (Crain et al.
2009). For example, global estimates suggest that as much as
39.5 million metric tons of fish may be caught as bycatch
each year (Davies et al. 2009). However, fisheries bycatch is
not restricted to other fish or invertebrates typically caught in
industrial fisheries. Bycatch affects a variety of taxa such as
seabirds, sea turtles, and marine mammals and has led to
population declines of several well-known species including
the Pacific leatherback turtle (Dermochelys coriacea), the
Amsterdam albatross (Diomedea amsterdamensis), and the
vaquita (Phocoena sinus) (Lewison et al. 2014). In addition,

interactions with fishing vessels and other boats constitute an
important cause of injury-induced mortality, especially for
coastal air-breathing marine fauna such as marine mammals
and reptiles (Shimada et al. 2017). In Moreton Bay
(Queensland, Australia), for instance, the most commonly
known causes of mortality for dugongs (Dugong dugon)
were vessel strikes, trauma, and netting, and sea turtles are
similarly impacted by boat strikes and discarded fishing gear
(Lanyon 2019).

Notwithstanding the negative effects of bycatch and mod-
ern fishing methods, altered species interactions following
the population depletion of targeted species, and the associ-
ated changes in food web structure, are also believed to have
considerable collateral effects on non-targeted marine popu-
lations (Osterblom et al. 2007; Estes et al. 2011). Reductions
in the population size of a trophic level caused by overex-
ploitation can induce correlated changes in the abundance of
interacting species (Frank et al. 2005; Johannesen et al.
2012). For example, in temperate rocky reefs, reduced preda-
tion pressure due to overexploitation of herbivore predators
can cause significant increases in the abundance and size of
herbivorous invertebrates like sea urchins and chitons
(Fig. 4.2, Ling et al. 2015). The associated increase in her-
bivory decreases macroalgal abundance (e.g., kelp) (Steneck
etal. 2013). While these trophic cascades—or indirect effects
on the population abundance of species at two/more trophic
links from the primary one (Frank et al. 2005)—are fre-
quently studied in relation to apex predator depletion and the
associated loss of top-down control (Box 4.3), they are not
restricted to high trophic levels. In the Barents Sea, changes
in the abundance of the middle trophic level capelin (Mallotus
villosus) can cause abundance changes in both high and low
trophic levels (Johannesen et al. 2012). Thus, in marine sys-
tems, population sizes are generally coupled to populations
of interacting species. As a result, any anthropogenically
driven population reduction can indirectly affect population
dynamics across trophic levels and over whole food webs.

In certain cases, changes in the abundance of different tro-
phic groups can cause significant food web reorganizations
(Baum and Worm 2009; Estes et al. 2011). Food web reorga-
nizations may manifest as sudden shifts to a new ecosystem
state, frequently termed regime shifts (Sguotti and Cormon
2018). Regime shifts are important because alternate ecosys-
tem states can be maintained by internal feedback mecha-
nisms which prevent a system from reverting back to a
previous state (Scheffer et al. 2001). In the temperate rocky
reef example, some areas that were previously dominated by
macroalgae have shifted to a barren state dominated by sea
urchin and crusting algae as a result of reduced predation
pressure (Steneck et al. 2013). A combination of feedbacks
including high juvenile sea urchin abundance, juvenile facili-
tation by adult sea urchins, and sea urchin-induced mortality
of juvenile kelp maintain the system in this new state (Ling
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Fig.4.2 Schematic a
representation of the changes
in abundance between trophic
groups in a temperate rocky
reef ecosystem. (a)
Interactions at equilibrium.
(b) Trophic cascade following
disturbance. In this case, the
otter is the dominant predator
and the macroalgae are kelp.
Arrows with positive (green,
+) signs indicate positive
effects on abundance while
those with negative (red, -)
indicate negative effects on
abundance. The size of the

unting

bubbles represents the change 503 Urchj,
in population abundance and
associated altered interaction o)
strength following
disturbance. Based on Estes
et al. (1998)
Kelp

et al. 2015). These feedbacks mean that even increasing
predator abundance to historical highs may not shift the eco-
system back to a macroalgae-dominated state (Sguotti and
Cormon 2018). Ecosystems can be resilient to such regime
shifts if abundance declines in one species can be compen-
sated by other species in a similar trophic level (Mumby
et al. 2007). As a result, regime shifts may only occur long-
after overexploitation has begun when all species of a trophic
level have suffered declines in abundance and compensation
is no longer possible (Jackson et al. 2001).

Overexploitation is, however, not the only anthropogenic
stressor negatively affecting marine populations. Habitat
modification and destruction, being the reduction in habitat
quality or complete removal/conversion of ecosystems and
their related functions, have driven drastic changes in marine
habitats. These further result in declines in marine popula-
tions (Lotze et al. 2006; Knapp et al. 2017). Globally, coastal
development has contributed to the widespread degradation
or loss of coastal habitats. The annual loss of coastal habitat
has been estimated to be between 1-9% for coral reefs
(Gardner et al. 2003; Bellwood et al. 2004) and 1.8% for
mangroves (Valiela et al. 2001), and seagrass beds have been
disappearing at a rate of 7% annually since 1990 (Waycott
et al. 2009).

Additionally, pollution can have important consequences
for marine populations. For instance, the amount of debris in
our oceans is rapidly increasing and is currently affecting an
estimated 663 species through entanglement or ingestion,
15% of which are threatened with extinction (Derraik 2002;
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Secretariat of the Convention on Biological Diversity and the
Scientific and Technical Advisory Panel 2012; Villarrubia-
Goémez et al. 2018). Although evidence for population-level
impacts is scarce, marine debris is believed to have contrib-
uted to the population decline of several threatened species
such as the Northern fur seal (Callorhinus ursinus) and the
Hawaiian monk seal (Monachus schauinslandi) (Franco-
Trecu et al. 2017). The reported number of individuals
affected by marine debris suggests this threat might be per-
vasive (Secretariat of the Convention on Biological Diversity
and the Scientific and Technical Advisory Panel 2012;
Wilcox et al. 2015). Furthermore, deaths from ingesting
marine debris can happen in the open ocean with no evidence
ever washing onto beaches. Thus, the frequency of mortality
from debris may actually be higher than currently
perceived.

Biological invasions also represent a serious disruption to
the balance of ecosystems, which can have severe conse-
quences for the population abundance of prey species or
competitors. Albins and Hixon (2013) found that the intro-
duction of the Indo-Pacific lionfish (Pterois volitans) on
Atlantic and Caribbean coral reefs poses a serious threat to
coral reef fishes, reducing prey fish recruitment and abun-
dance compared to control sites by 79 and 90%, respectively.
This loss of prey species increases competition for the same
depleted resource base, negatively impacting native preda-
tors such as the coney (Cephalopholis fulva).

Finally, climate change driven by the anthropogenic emis-
sion of greenhouse gases represents an emerging threat to
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marine populations. Climate change has led to rising global
atmospheric and ocean temperatures, in addition to increas-
ing the ocean pH (ocean acidification), as the oceans take up
greater amounts of CO, (IPCC 2013). The consequences for
marine populations are wide and varied, altering species’
morphology, behavior, and physiology (Harley et al. 2006;
O’Connor et al. 2007; Rosenzweig et al. 2008). For example,
warmer ocean temperatures have led reef-building corals to
live in the upper limits of their thermal tolerance, and pro-
longed periods of thermal stress can result in mass coral
bleaching and disease outbreaks (Scavia et al. 2002; Hoegh-
Guldberg et al. 2007; Harvell et al. 2009). Furthermore, the
recurring frequency of increasing thermal pressure reduces
the capacity of coral reefs to recover between events, decreas-
ing their resilience to future change (Baker et al. 2008).
Additionally, calcareous organisms such as mollusks, crusta-
ceans, some species of algae/phytoplankton, and reef-
building corals are vulnerable to ocean acidification, as
calcification rates decline notably in high pH environments,
and calcium carbonate dissolves (Orr et al. 2005; Hoegh-
Guldberg et al. 2007; Guinotte and Fabry 2008). Climate
change is considered one of the most serious threats to
marine species and ecosystems at present, as the potential for
marine species to adapt to the changing environmental con-
ditions, and the serious implications it may have on the func-
tioning of marine ecosystems, still remain largely unknown
(Pacifici et al. 2015).

These diverse anthropogenic stressors are expected to
accelerate in the future and alter patterns of global marine
biodiversity (Jones and Cheung 2014), with consequences
for species survival, economics, and food security (Barange
et al. 2014). Emerging evidence suggests that the various
stressors may interact to increase the extinction risk of
marine species (Brook et al. 2008; Knapp et al. 2017). This
indicates that the synergistic effects of multiple stressors
may exceed the additive combination of any single stressor
(Crain et al. 2008; Harnik et al. 2012). For example, changes
in ocean temperature and chemistry might increase the vul-
nerability of some species to overexploitation by altering
demographic factors (Doney et al. 2012; Harnik et al. 2012).
The amplifying nature and dynamics of these synergistic
interactions are poorly known for most stressors and requires
further investigation.

Despite these overarching negative trends in marine spe-
cies populations, certain species, trophic levels, and body
sizes are more susceptible to population declines than others.
Both large and small-scale fisheries disproportionately target
large species at high trophic levels (Myers and Worm 2003;
Kappel 2005; Olden et al. 2007). Additionally, large bodied
species tend to have smaller population sizes as well as
slower growth and reproduction rates, making them intrinsi-
cally more vulnerable to overexploitation (Roberts and
Hawkins 1999; Garcia et al. 2008; Sallan and Galimberti
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2015). Consequently, large and high trophic level marine
species have declined more rapidly and severely, and have
been found to be at greater risk of extinction (Olden et al.
2007). Over 90% of large pelagic fish have experienced
range contractions (Worm and Tittensor 2011) and the bio-
mass of commercially valuable large species such as tuna is
estimated to have declined by 90% relative to pre-industrial
levels (Myers and Worm 2003). In certain regions, shark
populations have declined by over 90% (Baum et al. 2003;

Box 4.3 Consequences of Apex Consumer Loss on
Biological Communities

From the beginning of human impact in the Pleistocene,
the marine realm has seen a disproportionate loss of
larger-bodied animals (Smith et al. 2003). There is
mounting evidence that large fauna has a strong influ-
ence on the structure, functioning, and resilience of
marine ecosystems for several reasons (Duffy 2002;
Myers et al. 2007). Large animals are often apex con-
sumers which exert top-down population control on
prey communities through direct mortality or fear-
induced behavioral alterations (Creel et al. 2007; Creel
and Christianson 2008; Heithaus et al. 2008; Laundré
et al. 2010). Additionally, large animals can be ecosys-
tem engineers, increasing the structural or biogeo-
chemical complexity of their ecosystem either
behaviorally or morphologically (e.g., whale falls cre-
ating novel ecosystems, Mills et al. 1993; Jones et al.
1994; Coleman and Williams 2002). As such, the con-
sequences of the defaunation of large fauna are not
retained within the impacted group, but affect multiple
trophic levels in the community.

The loss of top-down control following apex con-
sumer decline is often followed by population increases
of medium-sized vertebrate prey, known as meso-
predator release (Baum and Worm 2009). The effects
of this decline are, however, not just restricted to their
immediate prey, but often propagate down the food
web, resulting in inverse patterns of increase/decrease
in population abundance of lower trophic levels — a
process known as trophic cascading (Paine 1980;
Baum and Worm 2009). For example, Myers et al.
(2007) found that the near-complete eradication of
shark populations on the eastern seaboard of the USA
led to the population explosion of mesopredatory elas-
mobranchs such as the cownose ray, increasing in
abundance with order of magnitude in four decades.
Moreover, the effects of the removal of this functional
group cascaded down the food chain. Cownose rays

(continued)
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Box 4.3 (continued)

now inflict a near-complete mortality on their bay scal-
lop prey populations during migration periods, which
has led to the discontinuation of North Carolina’s tra-
ditional scallop fisheries. Additionally, bay scallops
are expected to be replaced by infaunal bivalves, which
could cause the uprooting of seagrass and, conse-
quently, the loss of this habitat’s function as nurseries
and feeding grounds. Thus, losses of apex consumers
can destabilize ecological communities, and the conse-
quences of these cascading effects may be multiple.

Although counterintuitive, the direct mortality
inflicted by apex consumers on prey species may
improve the long-term survival of these prey popula-
tions. Predators eliminate sick individuals from prey
populations, thus increasing the overall health of the
population (Severtsov and Shubkina 2015). Moreover,
the prevalence of disease epidemics is strongly linked
to population density (Lafferty 2004). As such, apex
consumers may inhibit disease outbreaks by suppress-
ing prey populations below the critical host-density
threshold for effective disease transmission (Packer
et al. 2003). For instance, local extinction of sea otters
around the California Channel Islands reduced the pre-
dation pressure on the black abalone, leading to an
abalone population outbreak (Lafferty and Kuris
1993). As a result, black abalone populations increased
beyond the host-density threshold, which led to an out-
break of the previously unknown rickettsial disease.
The final result was a collapse of the black abalone
population to levels of probable extinction (critically
endangered — [UCN 2017).

The loss of large marine fauna may also affect bio-
geochemical cycles between the ocean and the other
major reservoirs (Crowder and Norse 2008). Predators
limit herbivore abundance, thus buffering herbivore
effects on autotrophic organisms (Hairston et al. 1960).
Autotrophs hold a high proportion of the global non-
fossilized organic carbon reserves in their tissues, and
are able to convert inorganic carbon to organic carbon
through their photosynthetic ability (Wilmers et al.
2012). Thus, the global apex consumer losses might
have altered the carbon cycle considerably. Indeed,
apex consumers have been shown to significantly alter
carbon capture and exchange. In the absence of sea
otters, for instance, trophic cascades (Fig. 4.2) reduced
the net primary production and carbon pool stored in
kelp forests 12-fold, resulting in reduced carbon
sequestration (Wilmers et al. 2012). Similarly, with the
reduced numbers of great whales, a large part of the
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primary production is consumed by smaller animals
with much higher mass-specific metabolic rates. This
greatly reduces the overall potential for carbon reten-
tion in living marine organisms compared to pre-
industrial times (Pershing et al. 2010). In addition, the
carbon sequestration resulting from the sinking of
great whale carcasses to the deep sea declined from an
estimated 1.9 x 10° tons C year! to 2.8 x 10* tons C
year! — a decrease by an order of magnitude since the
start of industrial whaling (Pershing et al. 2010).

Great whales also exhibit behavioral engineering
functions, the loss of which can influence the global
nutrient and carbon cycling (Roman et al. 2014).
Through their diving/surfacing behavior and the cre-
ation of bubble nets, great whales often break density
gradients (Dewar et al. 2006), allowing an influx of
nutrients to the formerly stratified and nutrient-
depleted photic zone. Additionally, great whales fre-
quently release fecal plumes and urine near the surface
which brings limiting nutrients such as N and Fe from
the aphotic zone above the thermocline (Roman and
McCarthy 2010). Finally, through their migration from
nutrient-rich high-latitude feeding grounds to nutrient-
poor low-latitude calving grounds, some great whales
bring limiting nutrients to tropical waters (Roman
et al. 2014). These processes increase the primary pro-
duction in the nutrient-poor photic zone, and in turn,
increase carbon sequestration through sinking algal
blooms to the deep sea (Lavery et al. 2010).

Myers et al. 2007), and reef-associated predators have shown
similar declines (Friedlander and DeMartini 2002).
Furthermore, in a similar time period, global whale popula-
tion abundance has declined by 66-99% compared to their
pre-whaling estimates (Roman et al. 2014). The diminishing
number of large apex consumers has led to a reduction in the
mean trophic level and community body size of marine food
webs, as species of progressively decreasing size and trophic
level are targeted (Pauly et al. 1998; Jennings and Blanchard
2004). The effects of these population depletions are, how-
ever, not solely retained within their respective trophic levels
or populations, but affect inter-species interactions and eco-
system stability and functioning.

Large apex consumers are often keystone species (see
Box 4.1), performing crucial ecological roles within their
communities (Paine 1969; Box 4.3). Other than the afore-
mentioned potential top-down forcing they can exert on their
communities, large animals can also be ecosystem engi-
neers (see Box 4.1), acting as keystone modifiers of habitat
features which are crucial to the survival of other species
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(Mills et al. 1993; Jones et al. 1994). When these engineering
functions are removed, habitats generally become less com-
plex, which decreases the diversity they can sustain. The loss
of these keystone species results in the reduction of struc-
tural and functional diversity and decreases ecosystem resil-
ience to environmental change (Coleman and Williams
2002). Thus, the near-complete elimination of large apex
consumers from their ecosystems represents a major pertur-
bation with important and far-reaching consequences for the
structure, functioning, and resilience of marine ecosystems
(Dufty 2002; Myers et al. 2007).

Overall, the ubiquity of marine population declines is
important, as analyses quantifying the consequences of
anthropogenic stressors on biodiversity routinely focus on
biodiversity trends without explicitly accounting for popula-
tion abundance and biomass trends (Dirzo et al. 2014; McGill
et al. 2015). For instance, much of the work on ecosystem
functions and services focuses on changes in local diversity,
while few studies explicitly consider population declines and
the subsequent changes in relative species abundance, which
may be equally important (Dirzo et al. 2014; Winfree et al.
2015). In some cases, population declines have been so high
that species cannot functionally interact in communities
across part or all of their range (Worm and Tittensor 2011;
McCauley et al. 2015). These “ecological extinctions” (see
Box 4.1) are more difficult to measure and may be more
widespread than currently appreciated (McCauley et al
2015). Furthermore, unlike complete extinctions, which usu-
ally occur slowly, population declines can be very rapid and,
thus, can cause rapid ecosystem changes and even regime
shifts (Séterberg et al. 2013). Incorporating population and
biomass trends into biodiversity monitoring, and understand-
ing how this affects marine ecosystem function and service
delivery, will improve our understanding of anthropogenic
impacts on the ocean (McGill et al. 2015).

4.5 The Distribution of Anthropogenic

Stressors in the Marine Environment

It is clear that the growing human population has put increas-
ing pressure on the world’s oceans, leading to varying
degrees of decline in marine populations (Kappel 2005;
Crain et al. 2009). Anthropogenic stressors are increasing in
global intensity and now impact nearly every part of the
ocean (Jones et al. 2018). To mitigate these pressures, it is
important to understand the main stressors on the marine
environment and how they are distributed across the oceans
and the marine tree of life.

To do so, we analysed the threats to marine species which
are threatened with extinction globally using the IUCN Red
List database (IUCN 2017; see Supplementary Material B
for full methods). Species threatened with extinction are

those that are listed by the IUCN as vulnerable (VU), endan-
gered (EN), or critically endangered (CR) (Box 4.2). We
grouped the threats listed by the IUCN into six categories
(sensu Young et al. 2016): “habitat destruction and modifica-
tion,” “direct exploitation,” “invasive species,” “pollution,”
“climate change,” and “other.” Based on the frequency by
which threatened marine species were affected by different
threats, we found the most common threat to be habitat mod-
ification and destruction, followed closely by overexploita-
tion (Fig. 4.3a). Pollution, climate change, and invasive
species were less frequently observed as threats to threatened
marine species (Fig. 4.3a).

The impact of these stressors is pervasive across the
marine tree of life (Crain et al. 2009); however, as previously
described for extinctions, the average number of threats
affecting threatened species varies between taxonomic
groups (Fig. 4.3b). Threatened anthozoan species (sea anem-
ones and corals) experience the highest average number of
threats (Fig. 4.3b). Coral reefs are impacted by diverse
stressors such as overfishing, coastal development, and agri-
cultural runoff (McLeod et al. 2013). Additionally, climate
change and ocean acidification are emerging stressors that
have caused widespread damage to reefs around the world
(Hoegh-Guldberg et al. 2007). Nearly 75% of the world’s
coral reefs are affected by these stressors (Burke et al. 2011).
Although threatened chondrichthyans (i.e., sharks, rays, and
chimeras) are seen to have a relatively lower average number
of threats, they are largely threatened by the effects of over-
exploitation through targeted fisheries and bycatch
(Fig. 4.3b). The unique life history characteristics of these
cartilaginous fishes (late maturation, slow growth, and low
reproduction rates) make them particularly vulnerable to the
impact of stressors (Worm et al. 2013).

Several marine areas suffer from high human impact, par-
ticularly those where human use of the ocean is the greatest
(Halpern et al. 2015). However, the distribution and impact
of different anthropogenic stressors vary geographically
(Fig. 4.4). Habitat destruction and modification, and overex-
ploitation remain the most important threats to threatened
marine species across marine regions; however, their relative
contribution to the overall threat level varies considerably
between regions (Fig. 4.4). Previous analyses of the cumula-
tive anthropogenic impact on the oceans have shown that the
Central and North Atlantic, the Mediterranean, the East
Indian, and the Central Pacific are heavily impacted marine
regions (Halpern et al. 2015). Our analysis shows that threat-
ened species in the Atlantic and Mediterranean regions are
most frequently impacted by overexploitation. Conversely,
in the East Indian and Central Pacific regions, habitat modi-
fication and destruction constituted the most prevalent threat.
The Arctic region is also heavily impacted anthropogeni-
cally (Halpern et al. 2015). We found that threatened species
in this region are heavily impacted by habitat modification
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and destruction, which corresponds to large-scale habitat
alterations driven by changes in sea ice extent (Walsh et al.
2016). Although Antarctica has low overall anthropogenic
impacts (Halpern et al. 2015), the most common threat to
threatened marine species in this region is overexploitation
(57%). In summary, these results indicate that anthropogenic

“Malacostraca,” “Maxillopoda,” “Merostomata,” “Hydrozoa,” and
“Holothuroidea”). Colors indicate the percentage contribution of the
different anthropogenic stressors. Data extracted from the IUCN Red
List database of threats (IUCN 2018). Details on data compilation are
provided in the Supplementary Material B

threats to threatened marine species differ considerably
between marine regions, even if the overall average number
of threats may be similar (Fig. 4.4; Halpern et al. 2015). This
suggests that reducing anthropogenic impacts on threatened
marine species requires targeted approaches specific to each
marine region.
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Fig. 4.4 The distribution of anthropogenic stressors faced by marine
species threatened with extinction in various marine regions of the
world. Numbers in the pie charts indicate the percentage contribution
of an anthropogenic stressors’ impact in a specific marine region.

4.6 Mitigating Local-Scale Anthropogenic

Stressors on Marine Biodiversity

Conservation interventions are a challenging task due to the
large spatial scale and number of stakeholders involved in
global threats to marine biodiversity, like climate change,
interventions are challenging. The scale of these threats
requires international cooperation and considerable changes
in current pathways of production and consumption, which
could take several decades to achieve, and current progress is
slow (Anderson 2012). Nonetheless, emerging evidence
from the literature suggests that also the mitigation of local-
scale threats can aid in the conservation of marine popula-
tions. In a recent review, Lotze et al. (2011) found that
10-50% of surveyed species and ecosystems showed evi-
dence of positive recovery, 95% of which were due to
reduced local-scale threat impacts. Reducing these local-

[ Climate change [ Pollution [I Invasive species

] Overexploitation [C] Habitat destruction & modification

Percentages under 10% are not displayed for visualization purposes.
Data extracted from IUCN Red List database of threats (IUCN 2018).
Details on data compilation are provided in the Supplementary
Material B

scale threat levels is, thus, particularly important given the
persistent impact of more global-scale threats. Furthermore,
while some small-scale threats can be abated by local gov-
ernments and NGOs, other global threats such as biological
invasions and climate change require international collabora-
tion and the cooperation of all stakeholders. Discussing the
mitigation of global-scale threats such as invasive species or
climate change would be beyond the scope of this review.
Thus, the following section will focus on mitigation strate-
gies for local-scale threats such as overexploitation, habitat
destruction and modification, and pollution.

Several regulations have been implemented to reduce
overexploitation. The main regulatory tools employed in
fisheries overharvesting are the use of closed areas, closed
seasons, catch limits or bans, effort regulations, gear restric-
tions, size of fish length regulations, and quotas on certain
species (Cooke and Cowx 2006). The use of marine pro-
tected areas (MPAs) such as marine reserves (MRs), where
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part of the marine habitat is set aside for population recovery
and resource extraction is prohibited, has shown promising
results. For instance, across 89 MRs, the density, biomass,
and size of organisms, and the diversity of carnivorous fishes,
herbivorous fishes, planktivorous fishes, and invertebrates
increased in response to reserve establishment (Halpern
2003). Long-term datasets suggest this response can occur
rapidly, detecting positive direct effects on target species and
indirect effects on non-target species after 5 and 13 years,
respectively (Babcock et al. 2010). Successful MPAs often
share the key features of being no-take zones (no fishing),
well-enforced (to prevent illegal harvesting), older than
10 years, larger than 100 km?, and isolated by deep water or
sand (Edgar et al. 2014). Additionally, it is critical to align
the planning of the MPA with local societal considerations,
as this determines the effectiveness of the MPA (Bennett
et al. 2017). Future MPAs should be developed with these
key features in mind to maximize their potential. More
recently, dynamic modelling approaches encompassing pop-
ulation hindcasts, real-time data, seasonal forecasts, and cli-
mate projections have been proposed for dynamic closed
zones that would alternate between periods open and closed
to fishing (Hazen et al. 2018). Such management strategies
based on near real-time data have the potential to adap-
tively protect both target and bycatch species while support-
ing fisheries. Non-target species may be under severe threat
as their catch data might not be recorded and, thus, rates of
decline in these species remain unknown (Lewison et al.
2014). Alterations to fishing gear along with new technologi-
cal advances reduce the exploitation of non-target species.
Increasing mesh size reduces non-target species’ capture and
prevents the mortality of smaller target species’ size classes
(Mahon and Hunte 2002). Furthermore, turtle exclusion
devices, for example, have proven to be effective in protect-
ing turtles from becoming entrapped in fishing nets (Gearhart
et al. 2015). Illuminating gillnets with LED lights has also
been shown to reduce turtle (Wang et al. 2013; Ortiz et al.
2016) and seabird bycatch (Mangel et al. 2018).

Reductions in overexploitation have led to rapid recover-
ies of several historically depleted marine populations, a pat-
tern which is particularly evident for marine mammals (e.g.,
humpback whales, Northern elephant seals, bowhead
whales). Following the ban on commercial whaling in the
1980s, several populations of Southern right whales, Western
Arctic bowhead whales, and Northeast Pacific gray whales
showed substantial recovery (Baker and Clapham 2004;
Alter et al. 2007; Gerber et al. 2007). Similar population
increases were observed after the ban on, or reduction of,
pinniped hunting for fur, skin, blubber, and ivory (Lotze
et al. 2006). Still, populations do not always recover from
overexploitation. Many marine fish populations, for instance,
have shown limited recovery despite fishing pressure reduc-
tions (Hutchings and Reynolds 2004). This might be partly

explained by the low population growth rates at small popu-
lation sizes (Allee effects), which can prevent the recovery of
many marine populations (Courchamp et al. 2006).
Nonetheless, these examples suggest that marine popula-
tions can show resilience to overexploitation and that appro-
priate management may facilitate population recoveries.

Marine habitats can be destroyed or modified either
directly, through activities such as bottom trawling, coral har-
vesting, clearing of habitat for aquaculture and associated
pollution, mining for fossil fuels/metals, and tourism; or indi-
rectly as a consequence of ocean warming, acidification, and
sea level rise (Rossi 2013). However, both ultimately lead to
the physical destruction/modification or chemical alteration
of the habitat which affects its suitability for marine life. The
effects of habitat destruction and modification are often per-
manent or may require intense efforts to restore (Suding et al.
2004; van der Heide et al. 2007). Still, local-scale strategies
can be adopted to protect marine habitats. In addition to the
aforementioned positive effects on mitigating overexploita-
tion, MRs have been shown to be a useful tool to counteract
habitat destruction and modification. For instance, by exclud-
ing bottom trawling, MRs can safeguard seafloor habitats and
the associated benthic organisms, which are often important
ecosystem engineers (Rossi 2013). Furthermore, MRs ban
harvesting activities of habitat-building organisms such as
sponges, gorgonians, and reef-building corals. In the
Bahamas, for example, both the coral cover and size distribu-
tion were significantly greater within a marine protected area
compared to the surrounding unprotected area (Mumby and
Harborne 2010). Additionally, development and resource
extraction activities are prohibited within MPAs and MRs,
thus, protecting marine habitats directly against destructive
activities. Recent increases in habitat protection of coastal
areas have contributed to ecosystem recovery in a variety of
marine systems such as wetlands, mangroves, seagrass beds,
kelp forests, and oyster and coral reefs (Lotze et al. 2011).
Currently, approximately 4.8% of the oceans are within
marine protected areas (Marine Conservation Institute 2019),
and global goals are set on an expansion to at least 10% by
2020 under Aichi target 11 of the CBD (CBD, COP Decision
X/2 2010), highlighting the value and broad applicability of
MPAs as a tool to protect marine ecosystems.

Nonetheless, MPAs are not a perfect solution to mitigate
marine threats at present. An MPA’s ability to effectively
protect species from overexploitation depends on the
enforcement of harvesting regulations, as well as protected
area size and connectivity. A review by Wood et al. (2008)
found that the median size of MPAs was 4.6 km?, and only
half of the world’s MPAs were part of a coherent MPA net-
work. This suggests that the majority of MPAs might be
insufficiently large to protect species with a large home-
range or migrating behavior, such as marine megafauna
(Agardy et al. 2011). Additionally, protected areas can only
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effectively negate habitat destruction and modification if
their distribution is even and representative for the various
habitats at risk, as well as the different biophysical, geo-
graphical, and political regions (Hoekstra et al. 2005; Wood
et al. 2008). At present, MPAs are heavily biased toward
coastal waters. The number of protected areas decreases
exponentially with increasing distance from shore, and the
pelagic region of the high seas is gravely underrepresented
(Wood et al. 2008; Agardy et al. 2011; Thomas et al. 2014).
Moreover, the majority of protected areas are situated either
in the tropics (between 30° N and 30° S) or the upper northern
hemisphere (> 50° N), and intermediate (30-50°) and polar
(> 60°) latitudes are poorly covered.

Marine protected areas can also suffer unintended conse-
quences of MPA establishment. For instance, the establish-
ment of no-take zones might lead to a displacement of
resource extraction to the area outside of the reserve. This
concentrates the exploitation effort on a smaller area, increas-
ing the pressure on an area which might already be heavily
overexploited (Agardy et al. 2011). Additionally, there is
increasing evidence the establishment of MPAs might pro-
mote the establishment and spread of invasive species (Byers
2005; Klinger et al. 2006; Francour et al. 2010). Finally, even
when perfectly designed and managed, MPAs might still fail
if the surrounding unprotected area is degraded. For exam-
ple, the impact of pollution outside of the protected area
might negatively affect the marine organisms within the
MPA, thus, rendering it ineffective (Agardy et al. 2011). As
such, the establishment of MPAs should go hand in hand
with mitigation strategies for overexploitation and pollution
in the surrounding matrix.

A common source of pollution in the marine environment
is the deposition of excess nutrients, a process termed eutro-
phication. Strategies which are commonly adopted for the
mitigation of eutrophication focus on reducing the amount of
nitrogen and phosphorous runoff into waterways. Possible
solutions to achieve this goal include reducing fertiliser use,
more carefully handling manure, increasing soil conserva-
tion practices and continuing restoration of wetlands and
other riparian buffers (Conley et al. 2009). Reductions in
chemical pollution have facilitated population recovery in
several marine species (Lotze et al. 2011). For instance, fol-
lowing population declines due to river damming and subse-
quent pollution, the Atlantic salmon in the St. Croix River
(Canada) recovered strongly after efforts to reduce pollution
(Lotze and Milewski 2004). In some instances, however, the
anthropogenic addition of nutrients has been so great that it
has caused ecosystem regime shifts (e.g., Osterblom et al.
2007), in which case a reduced nutrient inflow may not be
effective at facilitating population recovery.

Marine ecosystems are also commonly disturbed by noise
pollution, which has been on the rise since the start of the
industrial revolution. Common sources of noise include air

and sea transportation, engines from large ocean tankers, ice-
breakers, marine dredging, construction activities of the oil
and gas industry, offshore wind farms, and sound pulses
emitted from seismic surveys (Scott 2004 and references
therein). Nowacek et al. (2015) urge that an internationally
signed agreement by member countries outline a protocol for
seismic exploration. This agreement should include restric-
tions on the time and duration of seismic exploration in bio-
logically important habitats, monitoring acoustic habitat
ambient noise levels, developing methods to reduce the
acoustic footprint of seismic surveys, creating an intergov-
ernmental science organization, and developing environmen-
tal impact assessments. Other management strategies could
include speed limits to reduce the noise in decibels emitted
by ships, as well as noise reduction construction and design
requirements for ships (Richardson et al. 1995, Scott 2004).

Finally, marine debris composed of plastic is one of the
world’s most pervasive pollution problems affecting our
oceans—impacting marine organisms through entanglement
and ingestion, use as a transport vector by invasive species,
and the absorption of polychlorinated biphenyls (PCBs)
from ingested plastics, among others (Derraik 2002; Sheavly
and Register 2007). Other than global mitigation measures
such as international legislation on garbage disposal at sea
(MARPOL 1973), local-scale measures against marine
debris pollution include education and conservation advo-
cacy. The Ocean Conservancy organizes an annual
International Coastal Cleanup (ICC), which collects infor-
mation on the amounts and types of marine debris present
globally. In 2009, 498,818 volunteers from 108 countries
and locations collected 7.4 million pounds of marine debris
from over 6,000 sites (Ocean Conservancy 2010). Public
awareness campaigns have also been employed as a strategy
raise awareness about plastic pollution. An alliance between
conservation groups, government agencies, and consumers
led a national (USA) ad campaign to help build awareness of
boating and fishing groups about the impacts of fishing gear
and packaging materials that enter the marine environment
(Sheavly and Register 2007).

4.7 Conclusions

Overall, the status of marine biodiversity in the Anthropocene
is complex. Globally, taxonomic assessments in the marine
realm are highly incomplete. Similarly, the rate of assess-
ment of marine species for extinction risk is also slow, at
least compared to the terrestrial realm. This lack of assess-
ment may have led to underestimations of the global extinc-
tion rate of marine species. Several authors have suggested
that current extinction rates in the marine realm are low, but
recent evidence suggests that this may be inaccurate due to
low rates of assessment of extinction risk. Regardless, the
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loss of marine biodiversity is complex and extinctions or
reductions in species richness at any scale do not adequately
reflect the changes in marine biodiversity that are occurring.
Directional changes in the composition of marine communi-
ties are occurring at local scales. These changes are nonran-
dom, as resident species are replaced by more widespread
invaders, which may, over time, reduce diversity in space.
The consequence of these changes is lower regional species
richness. This, however, is infrequently quantified in the
marine realm, and the consequences for ecosystem function
and service delivery are poorly known.

In this context, we emphasize recent calls for careful
quantification of trends in biodiversity loss at multiple spa-
tial scales and the assessment of the possible effects of vari-
ous forms of biodiversity loss on ecosystem functioning
(e.g., McGill et al. 2015). In particular, population declines
are ubiquitous in the marine realm and careful assessment of
the effects on ecosystem functions and services are likely
critical for understanding human impacts on the marine
realm. The anthropogenic threats to marine biodiversity are
diverse, cumulative and/or synergistic. Our analysis of the
TUCN threats database shows that the main anthropogenic
threats vary by both region and taxonomic group.
Understanding trends in marine biodiversity thus requires
assessing how different taxonomic groups in different
regions respond to the various anthropogenic stressors, and
how those affect marine biodiversity at different scales of
space and time. Furthermore, while some small-scale threats
can be abated by local governments and NGOs, other global
threats require international collaboration and the coopera-
tion of all stakeholders. This will be a challenge going for-
ward, but will be necessary to fully support marine
biodiversity in the Anthropocene.

Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 5: “Species on the brink: navigating conservation in
the Anthropocene.” The original Call for Abstracts and the
abstracts of the presentations within this session can be
found in the Appendix “Conference Sessions and Abstracts”,
Chapter “4 Species on the brink: navigating conservation in
the Anthropocene”, of this book.

Supplementary Material A: Methods
to Estimate Species Diversity

Early Attempts

Several early attempts were made to estimate global marine
species diversity. Grassle and Maciolek (1992) used data

from 233 box-core sediment samples (30 x 30 cm) taken at
2 km depth along a 176 km transect on the east coast of
North America. In these samples, they found 460 (58%)
undescribed species of marine macrofauna. Using standard
rarefaction curves, they estimated that approximately 100
new species would be discovered per 100 km of seabed.
Extrapolating over the entire ocean, they estimated that 10
million species occurred in marine benthic habitats. Shortly
afterwards, May (1994) scaled back Grassle and Maciolek’s
(1992) estimates considerably by employing a more direct
method of estimation. The method used by May (1994)
works by increasing the number of globally described spe-
cies by a factor related to the percentage of undiscovered
species found in different sampling campaigns. In Grassle
and Maciolek’s (1992) samples, 58% of the species discov-
ered were new. In 1994, there were approximately 200,000
marine macrofaunal species described. Thus, May (1994)
estimated that there were likely to be 400,000-500,000
marine macrofaunal species.

Since these early estimates, several subsequent attempts
have been made to estimate marine species diversity
(reviewed in Caley et al. 2014). However, since 2010, five
estimates of global marine diversity have been published
(see Table 4.1). These estimates used variations on one of
two methods: extrapolating based on past rates of species
discovery or collating expert opinions of undiscovered
species.

Extrapolating Based on Past Rates of Species
Discovery

Statistical extrapolation of time-species description accumu-
lation curves from biodiversity databases was used by
Costello et al. (2012) and Appeltans et al. (2012) to estimate
global marine diversity. Both fit non-homogenous renewable
process models to the cumulative number of new species
descriptions through time (based on description date) using
records on the WoRMS database. These models (Costello
and Wilson 2011) decompose time-series data into trend and
variation components and allow for variation in the rate of
discovery through time. For example, species description
rates dropped markedly during the two World Wars (Costello
et al. 2012). By fitting these models to the species descrip-
tion time-series, estimates of species that will be discovered
at future time points can be made. However, certain analyses
have shown that unless the time-species accumulation curves
have approached asymptotic levels, estimates are highly
uncertain (Bebber et al. 2007).

Higher taxonomic level accumulation curves have
recently been used to overcome the asymptotic problem in
estimating global species diversity (Mora et al. 2011). Higher
taxonomic levels are more completely sampled than lower
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taxonomic levels (i.e., it is unlikely that many more discover-
ies at the family level will occur). Thus, Mora et al. (2011)
used higher taxonomic (phylum to genus) description time-
series from the WoRMS database and estimated their asymp-
totes. Using regression models, the authors related these
higher taxonomic asymptotes to their taxonomic rank (1-5,
phylum to genus) and used this model to extrapolate to the
species level (taxonomic rank 6).

Estimates Based on Expert Opinion

The other method that has been applied to estimate global
marine species diversity is to collate the estimates of experts
of different marine groups. Appeltans et al. (2012) and
Costello et al. (2010) used variations of this approach.
Appeltans et al. (2012) collated estimates from 270 specialist
taxonomists on the total species described, undescribed, and
undiscovered for the different marine groups recognized in
the WoRMS database. The WoRMS editors that contributed
to these estimates are all experts in their taxonomic group
and together represent ca. 5% of the active marine taxono-
mists. Despite their high level of expertise, all of the experts
used markedly different methods to estimate the species
number in their respective groups (see Table S2 in Appeltans
et al. 2012).

In contrast, the expert opinion approach used by Costello
etal. (2010) is a variation on the method used by May (1994).
Over 360 scientists representing institutions in Antarctica,
Atlantic Europe, Australia, the Baltic Sea, Canada, the
Caribbean Sea, China, the Indian Ocean, Japan, the
Mediterranean Sea, New Zealand, South Africa, South
America, South Korea, and the USA were asked to rate the
state of knowledge of different taxonomic groups on a 1-5
scale corresponding to different proportions of described
species (e.g., | indicates that more than 80% of species are
described). Based on these scores, Costello et al. (2010) esti-
mated that 70-80% of marine species remain to be described.
They then inflated the total described species at the time
(~230,000) based on this estimate of uncertainty as per May
(1994).
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Supplementary Material B: Compilation
of Threats Database

The threats database was compiled using data from the [UCN
Red List of Endangered Species online “advanced search”
tool (IUCN 2018; https://www.iucnredlist.org/). Marine spe-
cies were selected, while species living at the interface
between marine systems and freshwater or terrestrial sys-
tems were omitted from this study. Species listed as “threat-
ened with extinction” (vulnerable — VU, endangered — EN,
and critically endangered — CR) were then selected.

The TUCN database offers 12 types of threat categories.
However, for visualization, and as the categories related to
habitat disturbance are biased towards one type of ecosys-
tem, we followed the approach of Young et al. (2016). The six
categories related to disturbance (residential and commercial
development, agriculture and aquaculture, energy production
and mining, transportation and service corridors, human
intrusions and disturbances, and natural system modifica-
tions) were pooled under the name “habitat destruction and
modification.” Additionally, the category “geological events”
was pooled with “other options” under the common name
“other.” The final selection of threats categories was ‘“habitat
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destruction and modification,” “direct exploitation,” “inva-
sive species,” “pollution,” “climate change,” and “other.”

All species in the [IUCN Red List database have a listing
of threats affecting their populations at present. To assess the
relative importance of the various threats to marine species
threatened with extinction (Fig. 4.3a), we added the number
of times a threat was listed for each marine species threat-
ened with extinction. For the pooled threats (habitat destruc-
tion and modification and other), the number of threats per
sub-category were added up to get the final number of threats.

We investigated the average number of threats and their
relative importance for each marine taxonomic group threat-
ened with extinction (Fig. 4.3b). We included all the taxo-
nomic groups listed by the IUCN database as containing
species which are threatened with extinction. In accordance
with Fig. 4.1b, groups which contained few species were
grouped under “other” for visualization purposes.
Additionally, given the frequency by which marine mam-
mals and reptiles are covered in the marine species conserva-
tion literature, these taxonomic groups were discussed
separately (as opposed to grouping then under “other chor-
dates,” as was opted for in Fig. 4.1b). The number of times
each threat was listed for a specific taxonomic group was
added. For the “other” group, threats for the various sub-
groups were added up. Unlike the previous method, for the
pooled threat categories, the average number of threats was
calculated for each taxonomic group, and compared to total
number of threats for that taxonomic group to estimate the
relative importance of each threat. To calculate the average
number of threats per species, we divided the total number
threats by the number of species threatened with extinction
for that taxonomic group. To construct the figure, the average
number of threats per taxonomic group was multiplied by the
relative importance of each threat within that group.

Finally, we assessed the relative importance of each threat
in the different biogeographic marine regions. The ITUCN
database offers 19 types of marine regions, however, for
visualization, and as certain regions had very similar threat
distribution patterns, certain marine biogeographic regions
were pooled. The final selection consisted of 11 marine
regions: “Arctic sea,” “Pacific North” (Pacific Northwest and
Pacific Northeast), “Pacific Central” (Pacific Western Central
and Pacific Eastern Central), “Pacific South” (Pacific
Southwest and Pacific Southeast), “Mediterranean and Black
Sea,” “Indian Ocean Western,” “Indian Ocean Eastern,”
“Atlantic North” (Atlantic Northwest and Atlantic Northeast),
“Atlantic Central” (Atlantic Western Central and Atlantic
Eastern Central), “Atlantic South” (Atlantic Southwest and
Atlantic Southeast), and “Antarctic” (Pacific Antarctic,
Indian Ocean Antarctic and Atlantic Antarctic). Here, we
added up the number of times each threat was listed for spe-
cies threatened with extinction within a certain marine bio-

99 <

geographic region. For the pooled marine regions, and the
pooled threat categories, threat counts were added up.
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Challenges in Marine Restoration

Ecology: How Techniques, Assessment
Metrics, and Ecosystem Valuation Can
Lead to Improved Restoration Success
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and Gustavo Guerrero-Limon

Abstract

Evaluating the effectiveness and success of coastal marine
habitat restoration is often highly challenging and can
vary substantially between different habitat types. The
current article presents a state-of-the-art review of habitat-
level restoration in the coastal marine environment. It sets
out most successful techniques across habitats and sug-
gestions of better metrics to assess their success.
Improvements in restoration approach are outlined, with a
particular focus on selective breeding, using recent
advancements in genetics. Furthermore, the assessment of
ecosystem services, as a metric to determine restoration
success on a spatiotemporal scale, is addressed in this
article. As the concept of ecosystem services is more tan-
gible for a nonscientific audience, evaluating restoration
success in this manner has the potential to greatly contrib-
ute to raising awareness of environmental issues and to
implement socioeconomic policies. Moreover, habitat-
based restoration has been proven to be an effective tool
to address the issue of ecosystem service sustainability
and poverty alleviation. Appropriate conservation man-
agement, prior to the implementation of restoration activi-
ties, is crucial to create an environment in which
restoration efforts are likely to succeed.
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5.1 Introduction

Restoration ecology is an emerging branch of environmental
science which gained increased attention since the 1990s.
The Society of Ecological Restoration, founded in 1983,
states that ecological restoration is an intentional activity
which has been initiated to accelerate the recovery of an eco-
system with respect to its health, integrity, and sustainability
(SER 1998; Bullock et al. 2011). Frequently, the ecosystem
that requires restoration has been degraded, damaged, trans-
formed, or entirely destroyed as the direct or indirect result
of human activities. Restoration ecology has the aim to
restore the integrity of ecological systems, therefore restor-
ing a critical range of variability in biodiversity, ecological
processes and structures, regional and historical context, and
sustainable cultural practices (SER 1998). In the last
20 years, restoration actions have been increasingly carried
out all over the world (Swan et al. 2016; Zhang et al. 2018),
and it is anticipated to become one of the most important
fields within conservation science of the twenty-first century
(Hobbs and Harris 2001).

At present, passive conservation aims to protect coastal
marine habitats by removing or mitigating environmental
stressors (e.g., removing polluting agents, increase water
quality, and/or ban human uses at the damaged coastal site).
Although these direct and indirect anthropogenic stressors
once removed could allow for the natural recovery of these
systems, in reality this does not always occur (Perrow and
Davy 2002; Cox et al. 2017). For instance, in the case of sea-
grasses, even if there is an improvement in water quality and/
or coastal tourism is banned, there could no longer be a pop-
ulation which can produce seeds nearby the damaged site. It
impedes the natural recovery of the lost habitat (Nystrom
et al. 2012). In these conditions, restoration can help conser-
vationists to reach their goal. Active conservation or restora-
tion is the practice of rebuilding degraded, damaged, or
destroyed ecosystems and habitats by active human interven-
tion (Hobbs and Norton 1996; Palmer et al. 1997; Elliott
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et al. 2007). The implementation of appropriate conservation
management, prior to any restoration attempt, is vital to
reduce impacts making restoration feasible (Hobbs and
Norton 1996; Benayas et al. 2009; McDonald et al. 2016).

Increased interest is not the result of scientific enthusiasm
over a new research topic, but it is rather due to the urgent
need to counteract the alarming decline in the cover of
important habitats. Coastal marine ecosystems are being lost
at alarming rates, and for them, passive protection could not
be enough (Pandolfi et al. 2003; Hoekstra et al. 2005;
Abelson et al. 2015; Doxa et al. 2017). Seagrass beds, man-
groves, salt marshes, corals, and oyster reefs are important
nursery habitats for species of economic interest (Robertson
and Duke 1987; Hemminga and Duarte 2000). Active filtra-
tion in oyster reefs and sediment settlement facilitation in
salt marshes, mangroves, and seagrass beds contribute to
water purification (McLeod et al. 2011; Grabowsky et al.
2012). Moreover, salt marshes, mangroves, seagrass beds,
macroalgal forests, corals, and oyster reefs are natural barri-
ers against hydrodynamic forces and thus stabilize sediments
(Moberg and Folke 1999; Hemminga and Duarte 2000;
Lovelock et al. 2005; Gedan et al. 2011). Those habitats pre-
vent coastal erosion (Callaway et al. 1997; Herkiil and Kotta
2009). This sediment accumulation ultimately leads to the
creation of organic-rich soils, acting as a carbon storage
(blue carbon) and therefore a buffer against global warming
(Nelleman et al. 2009; McLeod et al. 2011). Furthermore,
leisure and recreational services are provided by coral reefs,
for instance, generating scuba diving tourism which pro-
duces revenues to local communities (Moberg and Folke
1999). Some of these ecosystems also act as sites of social
and cultural heritage such as sacred mangrove forests
(Ronnbick et al. 2007). The multitude of services and bene-
fits derived from these coastal marine habitats highlight the
need to restore them to have long-lasting ecosystem services
provisioning.

Since the dawn of the industrial revolution, mankind has
been inducing major changes at a global scale, being the pri-
mary cause of global warming. Humankind exploited nature
lacking the consciousness of the long-term consequences.
This unprecedented use brought to present enormous chal-
lenges to protect the environment. Ecosystem deterioration
and loss of many important coastal habitats is one of the
many repercussions of the multiple stresses that humans
have caused over the past decades (Halpern et al. 2008;
Waycott et al. 2009; Micheli et al. 2013). Cumulative
impacts, such as overfishing, oil drilling, maritime transport,
and coastal tourism, affect coastal marine habitats world-
wide, leading to strong pressures to pristine environments,
ultimately resulting in habitat loss (Airoldi and Beck 2007;
Abelson et al. 2015; Doxa et al. 2017). Human activities
have globally transformed or destroyed 30 to 50% of man-
groves (Valiela et al. 2001; Duke et al. 2007; Giri et al. 2011;

Richards and Friess 2017); 40% of global coral reefs, with a
shocking prevision of almost complete disappearance by
2050 (Pandolfi et al. 2003; Eyre et al. 2018); 29% of seagrass
beds (Waycott et al. 2009); and 85% of oyster reefs (Lotze
et al. 2006; Beck et al. 2011). A comparable loss has been
observed for macroalgal forests that, together with seagrass
loss, has been considered a real “marine deforestation”
(Airoldi and Beck 2007; Connell et al. 2008; Yu et al. 2012).
Consequently, the decline of marine forests is leading to a
reduction of structurally complex habitats, especially across
temperate marine environments (Scheffer et al. 2001;
Steneck et al. 2002; Sala 2004) with a significant reduction
in species abundance and relative distributions (Novacek and
Cleland 2001; Worm et al. 2006; Airoldi et al. 2008).

To counteract this loss, the most used mitigation action is
the establishment of marine protected areas (MPAs). While
recently O’Leary et al. (2017) stated that climate disturbance
does not affect natural recovery, sea surface temperature
(SST) increase and acidification due to climate change can
present challenges for coastal marine habitat passively con-
served (Harley et al. 2006; Hoegh-Guldberg and Bruno
2010). Furthermore, the stage of habitat degradation is often
so pervasive that habitats require assisted recovery as well as
active restoration (Young 2000; Perkol-Finkel and Airoldi
2010). Ecological restoration at the sea is, however, in its
infancy, sometimes resulting in unsuccessful restoration
attempts (Bayraktarov et al. 2016).

This paper aims to present marine restoration challenges
through a review of published peer-reviewed studies with
three main approaches: (i) habitat-based restoration tech-
niques, (ii) restoration success among habitats and the
importance of assessment metrics, and (iii) the importance of
ecosystem service valuation.

5.2  Habitat-Level Restoration

Habitat restoration is an emerging field in marine ecology. A
search on Google Scholar using the search terms “marine,”
“restoration,” and “ecology” ended up with 191,000 articles
displayed in the graph below (Fig. 5.1). Interest in marine
restoration ecology worldwide arose in the 1990s, but just in
the last 20 years, restoration actions have been increasingly
carried out all over the world (a trend clearly identified also
by Swan et al. (2016) and Zhang et al. (2018)).

Even though ecological restoration of marine ecosystems
is quite young, some guidelines and rules have been identi-
fied, for instance, the need to define the historical baseline to
which the system will be restored, prior to any restoration
attempt (Seaman 2007). This has to be in a manner that res-
toration will be carried out in areas in which the species
aimed to be restored was present before the disturbance.
Moreover, the introduction of a species, such as a habitat
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Fig. 5.1 The increase in published marine restoration articles from
1950 to the present day as results of Google Scholar search using the

former, in a coastal area to enhance, for instance, productiv-
ity or merely as an afforestation action is not considered an
ecological restoration (Elliott et al. 2007). In theory, any
action of restoration without a historical reference point can-
not be considered as such. But, in practice, only few habitats
possess robust information on their historical baselines.
Finally, to allocate financial resources effectively, restora-
tion should target areas in which its feasibility has been
assessed (e.g., through ecological modelling) and especially
where the environmental conditions are suitable for the sur-
vival of the target species. Abiotic conditions need to be
checked in advance to see if loss of habitat is irreversible or
not (Bellgrove et al. 2017). For instance, if the water condi-
tions are detrimental to the introduction and persistence of
the species, the water quality itself should be restored prior
to implementing any restoration actions. Bayraktarov et al.
(2016) stressed that low survivorship of restored corals was
mainly due to inadequate site selection (e.g., sites with high
sedimentation rates or strong currents) (Ammar et al. 2000;
Fox et al. 2005). The same occurs in restoration efforts of
seagrasses which often failed due to planting seagrass shoots
at high wave energy locations without anchoring, inappropri-
ate anchoring, or planting at sites with high levels of sedi-
ment movement and erosion (Bird et al. 1994; Ganassin and
Gibbs 2008). Restoration actions can largely differ in terms
of their applied strategies and approaches and whether they
are focused at population or habitat levels or at an even
broader landscape scale: the ecosystem level. To date, the
most explored restoration approach is the habitat level. It
focuses on one (or two) species that are known to act as habi-
tat formers (i.e., targeted species are often ecosystem engi-

1980

2000 2020

Year

2

search terms “marine,” “restoration,” and “ecology” in one search. The
past 20 years experienced a near exponential increase in scientific
papers related to the topic of marine restoration

neers that then act as foundation species) (Fig. 5.2). Once
reintroduced, these species can provide fundamental ecosys-
tem functions and processes that will ultimately benefit other
associated organisms and lead to overall system recovery
(Powers and Boyer 2014).

5.2.1 Habitat-Level Restoration Techniques

Habitat-level restoration in the marine environment concerns
mainly coastal marine habitats, such as salt marshes, coral
reefs, seagrasses, oyster reefs, macroalgae, and mangroves
(Table 5.1). Attempts to restore these habitats encompass a
variety of different techniques such as transplanting different
stages of an organism life cycle, in the case of corals, sea-
grass, and macroalgae, the introduction of artificial substrata
colonized by the target species, and planting of mangroves
and salt marsh plants (Table 5.2). Restoration actions can in
some cases be combined with measures to enhance water
quality and improve the hydrodynamic conditions influenc-
ing these habitats. Based on a coarse literature review (con-
sidering even macroalgae) and information derived from
Bayraktarov et al. (2016), the most explored technique, inde-
pendently from the targeted habitat, is the transplantation
approach. Transplantation consists of the movement of the
species from a donor site where it is still present to another,
where there is the need to restore the vanished habitat. Many
of the examples reporting highly successful transplantations
in coastal marine habitats are from transplants of entire coral
colonies or fragments (branches of the coral) from donor
colonies, as well as from coral farming techniques
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Fig. 5.2 Coral farming of Acroporacervicornis and planting in Key Largo, Florida (USA), performed by the Coral Restoration Foundation (per-
mission by Coral Restoration Foundation™)

(Bowden-Kerby 2001; Rinkevich 2005; Edwards and Gomez
2007; Bayraktarov et al. 2016).

Coral farming is the process of collecting fragments of
corals from local reefs, raising them in nurseries until mature,
and then installing them at the restoration site (Fig. 5.3)
(Shaish et al. 2008; Tortolero-Langarica et al. 2014). For sea-
grasses, the most commonly used technique is the transplan-
tation of seedlings, sprigs, shoots, or rhizomes (Bastyan and
Cambridge 2008, Ganassin and Gibbs 2008; Balestri and

Lardicci 2014). In particular, van Katwijk et al. (2016)
pointed out that rhizome fragments, anchored using weights,
are the most successful way to restore seagrass beds. For
macroalgae, the most successful techniques involve the
transplantation of both adults and early life stages of the
organism (i.e., sporophytes or juveniles) which can be
sourced from natural donor sites or aquaculture facilities
(Terawaki et al. 2001, 2003; Falace et al. 2006; Yoon et al.
2014). Transplantation techniques have also been the most
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Table 5.1 Frequently used species to restore coastal marine habitats.
The first priority for a suitable species is the expectation of that species
to survive at the site that is being restored. The species are listed ran-
domly, not by proven restoration success. These species are habitat
formers which once reintroduced can benefit other species, increase
coastal productivity, and act as carbon sinks. These species have mostly

resulted in successful restoration efforts (Bayraktarov et al. 2016)

Ecosystem

Species

References

Coral reefs

Acropora spp.

Edwards and Gomez
(2007)

Pocillopora spp.

Johnson et al. (2011)

Porites spp.

Merulinascabricula

Milleporaalcicornis

Pizarro et al. (2012)

Seagrasses Cymodoceanodosa Ganassin and Gibbs
(2008)
Zostera spp. Bastyan and Cambridge
(2008)
Posidonia spp. Balestri and Lardicci
Halodule spp. (2014)
Ruppiamaritima
Mangrove Rhizophora spp. Goforth and Thomas
forests (1979)

Avicennia spp.

Ainodion et al. (2002)

Laguncularia spp.

Primavera and Esteban
(2008)

Bruguiera spp.

Laguncularia spp.

Bosire et al. (2008)

Oyster reefs

Crassostreavirginica

Powers et al. (2009)

Ostrea spp. Rossi-Snook et al. (2010)
Zarnoch and Schreibman
(2012)
Macroalgae Phyllospora spp. Falace et al. (2006)
forests Ulva spp. Lee et al. (2008)

Cystoseirabarbata

Perkol-Finkel and Airoldi
(2010)

Campbell et al. (2014)

Salt marshes

Spartina spp.

Armitage et al. (2006)

Salicornia spp.

Zedler et al. (2003)

Batismaritima

Castillo and Figueroa

(2009)

utilized approach for mangroves, with many restoration pro-
grams carried out in countries with developing economies,
where mangroves forests are located (Proffitt and Devlin
2005; Bayraktarov et al. 2016; Thorhauget al. 2017).

The fact that transplantation techniques are the most suit-
able for coastal marine habitats is also supported by the wide
use of these techniques in terrestrial habitats, where restora-
tion initiatives have been implemented for a longer time than
the marine environment to counteract deforestation.
Transplantation has also been used in the ecological restora-
tion of estuaries and salt marshes (SER 1998; Zedler et al.
2003; Castillo and Figueroa 2009), which constitute good
examples for coastal restoration activities due to the high
number of reported successful efforts. Moreover, restoration
programs, focused on these transitional water systems, often

include an important involvement of private and public
stakeholders who have funded long-lasting projects. For
instance, the USA started the first restoration program of salt
marshes as early as the 1970s (Tsihrintzis 1970).

It is often argued that restoration actions are focused on
the present state of ecosystems, not considering the chal-
lenges they will face in the future (Harris et al. 2006).
Ecological restoration needs to cope with a fast-changing
environment which could lead to complications over projects
and reduce the final success of restoration programs (Erwin
2009; Havens et al. 2015). Some solutions to this problem
have, however, been advocated and utilized in many restora-
tion initiatives. Coral reef restoration, for instance, benefits
from advances in selective breeding techniques or the manip-
ulation of the coral microbiome selective breeding (van
Oppen et al. 2017).

5.2.2 Selective Breeding to Increase
Restoration Technique Success

Climate change alters the physicochemical conditions of the
ocean (IPCC 2014), causing organisms to adapt to new con-
ditions that are different from the optimum. Since 1992, the
idea of implementing genetic approaches to cope with global
climate change has been proposed, particularly in terrestrial
environments (Ledig and Kitzmiller 1992). Initially, non-
native species that are more tolerant and, therefore, resistant
to climate have been introduced to help enhance the resil-
ience of species assemblages that are facing climate change
(Ledig and Kitzmiller 1992; Harris et al. 2006). For instance,
Ledig and Kitzmiller (1992) proposed to introduce non-
native seeds to planting programs, artificially selecting those
that are capable of surviving at higher temperatures.
Humanity has been doing this since the domestication of
plants and animals, always looking for desirable or specific
traits (Hill and Caballero 1992). In the case of tree popula-
tions, they mostly rely on phenotypic plasticity to adapt to
new conditions (Alfaro et al. 2014).

Climate change impacts in the marine environment
become particularly severe when they affect coral reefs.
Since climate change is related to ocean acidification, it
poses a direct threat to coral reef health (Hoegh-Guldberg
et al. 2007; Veron et al. 2009). Increased acidic conditions
have detrimental effects on coral calcification and growth
when the CO, concentration exceeds 560 ppm (Kleypas and
Langdon 2006). It has, however, been demonstrated that
some coral morphotypes or genera can survive extreme con-
ditions of temperature and pH (Alcala et al. 1982; Lindahl
1998; Bowden-Kerby 2001). Latest global coral bleaching
events have sharpened the focus on the use of assisted evolu-
tion (i.e., selective breeding and assisted gene flow (Aitken
and Whitlock 2013), conditioning or epigenetic program-
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Table 5.2 Most successful restoration techniques in different coastal marine habitats as summarized by Bayraktarov et al. (2016) and a coarse
literature review with a particular focus on macroalgae. Macroalgae have not been considered by Bayraktarov et al. (2016), even though along the
coasts they are an extremely important habitat formers, vital for coastal biodiversity and ecosystem functions. “Other techniques” do not always
include human-mediated reintroduction; they can be facilitation measure

Ecosystem Transplantation (adult life stages)

Planting (early life stages)

Other techniques

Coral reefs Transplanting of the whole
colony or fragmented corals;

out-planting

Sexual propagation in aquaria;
transplantation of juveniles

Coral farming facilitated by electrical field;
deployment of artificial reef structures

Seagrasses Transplanting seagrasses (cores | Collecting or aquacultured seeds, | Deployment of hessian bags to stabilize the sandy
or plugs) seedlings, or rhizomes for bottom
transplantation
Mangrove Planting mangroves (saplings or | Planting mangroves (seeds, Hydrological restoration (facilitation of a natural
forests small trees) seedlings, or propagules) recovery)

Oyster reefs | —

Hatchery rearing of native oysters

Creating a no-harvest sanctuary with natural or

artificial substrate

(and seeding)
Macroalgae | Transplantation of adults Transplanting of sporophyte,
forests seedlings, spore, germlings, or

juveniles

Cleaning the substrata from ephemeral algae or
removal of grazers (facilitation to natural recovery);
deployment of artificial substrata

Salt marshes | Planting of salt marsh plants

containing plugs

Planting salt marsh seeds,
seedlings, or sods

Construction; excavation and backfilling with clean
soil

Fig. 5.3 Coral reef restoration in Quintana Roo, Mexico. Permission by Claudia Padilla Souza, Instituto Nacional de Pesca y Acuacultura
(INAPESCA)

ming (Torda et al. 2017), the manipulation of the coral
microbiome (Bourne et al. 2016), etc.) as a mean to enhance
environmental stress tolerance of corals and increase the suc-
cess of coral reef restoration efforts over longer periods (van
Oppen et al. 2017). Genetic tolerance of host and zooxan-
thellae among heat-sensitive clones would provide enough
evidence for change as the habitat moves to higher thermal
regimes (Hoegh-Guldberg 1999). Another marine habitat
used to attempt genetic selection are mangroves. Mangroves
apparently have a better chance to adapt to quickly changing
environmental conditions, as plants appear to have higher
levels of genetic adaptation to current climate change (Rico
et al. 2013). According to Xu et al. (2017), mangrove trees
are highly adaptable organisms, although mangroves have

the least diverse genome in comparison with other usually
restored marine habitats, which may be due to the continual
habitat turnover caused by the exposure to rising and falling
sea levels in the geologically recent past. Mangroves are,
therefore, thought to have better chances to thrive throughout
the Climate Change Era. However, any optimism about their
resilience at these times might be premature (Guo et al.
2018). Nevertheless, selecting individuals with the most
appropriate genomes within the different mangrove species
would constitute the best choice to use the most suitable
organisms that could face future adverse and extreme
conditions.

In the tropics, many macroalgal species live close to their
thermal limits, and they will have to upregulate their response
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to tolerate sublethal temperature exposure. However, the
effects of elevated CO, concentrations and thermal acclima-
tion are not well-described for macroalgal forests (Koch
et al. 2012). Cole et al. (2013) demonstrated that freshwater
macroalgae of the genus Oedogonium are capable of assimi-
lating higher amounts of CO, above present-day concentra-
tions; thus, they are capable of improving their carbon
storage features with consequences for their biomass. One of
the most important ecosystem services is the sequestration
and storage of CO, by algae, plants, and coral reefs, reducing
the process of global warming (Moberg and Folke 1999;
Corlett and Wescott 2013). With this in mind, the use of
genetic tools, such as translocating genes from Oedogonium
sp. to other algae species, could present an opportunity to
modify organisms in a way to enhance their carbon uptake
capacity and, therefore, remove larger amounts of CO, from
the atmosphere and potentially smoothen the consequences
of the impacts related to climate change.

Although enhancing specific traits on certain species
using genetic technologies would sound like a good idea,
specifically to an improvement to marine restoration success,
in the end a rather philosophical question arises: Life always
finds its way. No matter how bad conditions might get, there
is always an alternative road. Thus, are we promoting/
encouraging the next step of evolution or are we stopping it
by selecting specific traits that are of interest to us? And,
thus, how should we elaborate appropriate strategies to make
restoration successful in a fast-changing world?

53 Measurements of Restoration Success

5.3.1 Survival
To date, restoration success has mainly been assessed as the
average survival of the reintroduced species. However, even
when survival of targeted species is high, assessment of
regain in ecosystem functionality is often accounted for.
Hence, it is difficult to see if the ecosystem is fully restored.
In fact, in the database of Bayraktarov et al. (2016), 61%
of all observations on marine coastal restoration provided
information on survival of restored organisms as an item-
based success indicator. While Bayraktarov et al. (2016) did
not include macroalgae records, they have been considered
in this analysis, screening all peer-reviewed articles concern-
ing attempts of macroalgae restoration. Macroalgae shall be
included in the most restored habitat formers together with
those already included in Bayraktarov et al. (2016): coral
reefs, seagrasses, mangroves, oyster reefs, and salt marshes.
Macroalgal forests (i.e., kelp forests or Cystoseira spp.,
Fucus spp., Sargassum spp., Phyllosphora spp.) are disap-
pearing worldwide, prompting many scientific groups all
over the world to implement their restore (e.g., Terawaki

et al. 2003; Falace et al. 2006; Perkol-Finkel et al. 2012).
Therefore, the dataset of Bayraktarov et al. (2016) was sup-
plied by other ten articles in which success of macroalgae
restoration was assessed. Articles regarding macroalgae res-
toration available in the literature (up to 2016) were more
than ten, but those are the only ones measuring success as
survival of target species. To be consistent with the analysis
of Bayrakratov et al. (2016), just those ten have been
considered.

The average survival per habitat after restoration are
56.3% for coral reefs, 40.4% for seagrasses, 52.2% for man-
groves, 55.1% for oyster reefs, 22.9% for macroalgae, and
57.2% for salt marshes. The number of studies in which the
success of habitat restoration was assessed by survival (the
only ones considered in this analysis) was different among
habitats, revealing the fact that some habitats have been more
explored in terms of restoration than others. This might be a
cause of different success rates (Fig. 5.4). It can be claimed
that the higher the number of restoration attempts, the more
we succeed. On one hand, this agrees with low macroalgae
restoration success (5.0% of median survival) (the least stud-
ied habitat in terms of restoration) and salt marshes and coral
reef, the most restored and the most successful (with 64.8%
and 64.5% of median survival, respectively). On the other
hand, this disagrees with seagrass restoration, which is a
well-explored habitat in terms of restoration, but that is not
so successful (38.0% of median survival). Many studies,
however, agreed on the specific challenges related to sea-
grass restoration (Ganassin and Gibbs 2008; van Katwijk
et al. 2016; Cunha et al. 2012).

5.3.2 Ecosystem Services

Evaluating the success of restoration initiatives is extremely
challenging. The use of one metric over another can result in
profoundly different outcomes which in turn has important
consequences for the management decisions and actions
taken by stakeholders and decision makers regarding restora-
tion projects. Therefore, it is of paramount importance to use
the appropriated metrics and assessment techniques.

In theory, restoration activities can only be considered
successful when ecosystem functioning and habitat resil-
ience capacity are reverted to the state preceding the degra-
dation (Peterson et al. 2003; Shackelford et al. 2013). These
outcomes are difficult to evaluate. Therefore, assessment
studies are looking for proxies. In the marine environment,
most studies focus on rudimentary performance metrics
(Ruiz-Jaen and Aide 2005). For instance, oyster reef restora-
tion monitoring in the Gulf of Mexico used three success
metrics based on sustainability of oysters: presence of verti-
cal structure above the bottom, presence of live oysters, and
evidence of recruitment (Powers et al. 2009; La Peyre et al.



90

L. Basconi et al.

40 1

w
o
1

Number of studies
]
(=]

04

fldlaldl) Llh

Restored habitats:

. Coral reefs

. Macroalgal forests

. Mangrove forests
Qyster reefs

. Saltmarshes

. Seagrass meadows

40-50  50-60
Survival(%)

0-10 1020 2030 30-40

6070 7080 8090  90-100

Fig. 5.4 Frequency of success in restoration, measured as percentage of survival reported by published articles until 2016 across the six mostly

restored coastal marine habitats

2014). The most common metric used in all marine habitats
is survival rate (Ruiz-Jaen and Aide 2005), whereas, in the
terrestrial environment, assessment techniques are predomi-
nantly based on parameters such as biodiversity, vegetation
structure, or ecological functions (Ruiz-Jaen and Aide 2005).
Restoration science in marine coastal ecosystem is still in an
early phase compared to terrestrial ecosystems (Suding
2011; Bayraktarov et al. 2016). Furthermore, monitoring
programs base their evaluation of restoration success on
short-term studies, even though previous research has repeat-
edly demonstrated that longer time scales provide better esti-
mates of restoration success, since ecosystem services need
longer time periods to recover (Bell et al. 2008; Bayraktarov
et al. 2016). Better metrics need to be adopted in the marine
environment to improve the assessment of restoration suc-
cess, incorporating ecosystem services-based parameters
(Fonseca et al. 2000; Paling et al. 2009). Ecosystem services-
based parameters could facilitate the inclusion of economic
and social interests in restoration projects while increasing
biodiversity (Benayas et al. 2009; Adame et al. 2015).

Marine restoration monitoring can provide incorrect
assessments of the outcome of restoration projects. They
typically use survival of organisms transplanted (e.g., sea-
grass, mangroves, corals), whereas reviews advise to follow
the path of terrestrial restoration monitoring that uses biodi-
versity, ecosystem structure, or ecological functions instead
(Bayraktarov et al. 2016). It has been stated that restoration
goals should focus on the provision of ecosystem services
(Benayas et al. 2009). Therefore, the use of ecosystem ser-
vices in restoration assessments might provide a better esti-
mate of project success (Fonseca et al. 2000; Bayraktarov
et al. 2016).

The use of ecosystem services-based metrics in restora-
tion projects is quite new. To obtain the scale of the area to be
restored to compensate for the habitats lost or degraded, a
habitat equivalency analysis (HEA) was created by NOAA
in 1997 (NOAA 1997). This analysis computes the interim
of loss ecosystem services during the time the ecosystem
was destroyed and the time where it reaches standards of
equivalency after restoration. If an ecosystem is destroyed
but its restoration takes place immediately after and reaches
standards of ecological functions equivalent to those present
previous to the perturbation in a short time, this interim
would be relatively low. However, if the restoration takes
place a long time after perturbation, and if the ecosystem
takes a long time to reach the standards of equivalency, this
interim would be higher. The novelty of this analysis con-
sisted in integrating specific resource-based metrics as a
proxy for the loss services. In an US federal court case,
Fisher used seagrass shoot density as a proxy to provide
compensation for the loss of sea grass within the Florida
Keys National Marine Sanctuary (Fonseca et al. 2000). This
protocol was demonstrated to be quite flexible and applica-
ble to a wide range of habitats (Fonseca et al. 2000; Cabral
et al. 2016; Grabowsky et al. 2012). Another tool to investi-
gate the ecosystem services across a landscape is the In'VEST
(Integrated Valuation of Ecosystem Services and Trade-offs),
which is based on cartographic representation of the ecologi-
cal information within an area (Tallis and Polasky 2009).
InVEST allows to estimate the change in ecosystem services
in response to different management scenarios (Guerry et al.
2012). HEA and InVEST tools are utilized prior to the onset
of restoration work, providing estimates of the required scale
needed to compensate for the lost area and identifying the
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most appropriate location site of the restoration initiative.
They set the outcomes of a project based on ecosystem
services-based parameters, facilitating their use as metrics in
assessment studies. The combined uses of these investigative
tools have shown to provide valuable results as it delivers
relevant information for decision makers in an integrated
way using an ecosystem services framework as common cur-
rency and to be easily adapted to include more constraints
and/or other ecosystem services (Cabral et al. 2016).
However, evaluating restoration success using ecosystem
services-based metrics is an emerging field in marine ecol-
ogy, except for coastal wetlands (Zhao et al. 2016). Such
metrics already exist for this habitat, such as the rapid assess-
ment method (Galv-RAM) which uses a combination of
biotic and abiotic parameters to obtain an ecosystem index
score (Staszak and Armitage 2012). New metrics are being
investigated for other habitats, such as the determination of
food web structure through isotopic analysis for restored
macroalgae beds (Kang et al. 2008), the use of fish assem-
blages to assess seagrass restoration success (Scapin et al.
2016), or the use of fish tracking and habitat use to assess the
recovery of an estuary (Freedman et al. 2016). It is, however,
a great challenge to determine the appropriate resource-
based parameter to integrate those tools and then to estimate
the recovery rate of ecosystems (Peterson et al. 2003;
Carpenter et al. 2009). Moreover, the concept and metrics of
marine coastal ecosystem services are still in their infancy
and require further development (Liquete et al. 2013). The
chosen metrics also have to match with the rate of ecosystem
services recovery which in most case exceeds the time scale
of most evaluation studies of restoration success (often
<5 years) (Bell et al. 2008; De Groot et al. 2012; Bayraktarov
etal.2016). Recommendations to develop and use ecosystem-
based metrics were formulated almost 20 years ago (Fonseca
et al. 2000). Yet metrics used in marine restoration studies
rarely focused on the recovery of ecosystem functions or ser-
vices, and this might have led to restoration failure
(Bayraktarov et al. 2016; Hein et al. 2017). Further research
is needed to develop new ecosystem-based metrics, setting
the appropriate goals for marine restoration to outweigh ser-
vices loss after a perturbation.

5.4  Ecosystem Services as a Method
to Link Restoration to Socioeconomic

Sciences

The concept of ecosystem services plays an important role
in the cost-benefit analysis of human activities impacting
the natural capital. This concept has, therefore, been increas-
ingly used in the context of socioeconomics. Associating a
value with a service or resource is a powerful tool to high-

light the ecological and also the financial loss because of
anthropogenic impacts on habitats and ecosystems (Worm
et al. 2006; Salomon and Dahms 2018). The Millennium
Ecosystem Assessment (MEA 2005) has led to an exponen-
tial increase of scientific interest in this topic, from 2.5
papers per year during 1997-2006 to 25 papers per year
since 2007 (Liquete et al. 2013). Marine coastal ecosystems
can no longer be considered as inexhaustible, and their
value to society and the costs associated with their loss and
degradation need to be properly accounted for (Costanza
et al. 1997; Carpenter et al. 2006; De Groot et al. 2012).
Valuation of ecosystem services is nowadays considered as
exceptionally important to contribute to the conservation
and restoration of threatened and lost habitats. Economists
demonstrated that restored, healthy habitats will generate
value for both households and industry (Barbier et al. 2011).
Recent studies confirm the general paradigm stating that
ecosystem services would return through habitat restoration
(Benayas et al. 2009) for mangroves (Ronnbick et al. 2007),
seagrasses (Reynolds et al. 2016), and even a whole estua-
rine system (salt marsh, mangrove, seagrass) (Russel and
Greening 2015). New methods of ecosystem service valua-
tion suggest that the economic benefits of restoration can
outweigh their costs (Bullock et al. 2011; Grabowski et al.
2012; Speers et al. 2016; Adame et al. 2015). Cost-benefit
computation derived from ecosystem services provided by
restored habitats could incentivize managers and stakehold-
ers to increase financial investment into marine restoration
projects.

Valuation of ecosystem services has been a launch pad to
raise interest and awareness of scientists and the general
public to the socioeconomic importance of habitats and the
services they provide. It has had an enormous impact on the
perception of restoration as a way to improve human well-
being (Costanza et al. 2014). However, it is challenging to
estimate the value of many ecosystem services, as most of
them do not have a market value. To compute the benefit to
cost ratio of a restoration project, one needs to know which
ecosystem services are provided by the habitat and how
much financial value can be associated with them (Speers
et al. 2016). Reference and meta-analysis studies estimating
those parameters have been undertaken (Costanza et al.
1997, 2014; MEA 2005; Barbier et al. 2011; De Groot et al.
2012; Salomidi et al. 2012). The most commonly used esti-
mation was obtained through the global assessment of The
Economics of Ecosystems and Biodiversity (TEEB), reported
by De Groot et al. (2012). This estimate was an international
initiative undertaken by the UN Environment program. It
collected information from 320 publications and published
an overview of the value of ecosystem services provided by
ten main biomes, from fishery stock to cultural and spiritual
heritage (De Groot et al. 2012; Schroter et al. 2014). The
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estimates range from 490 international$/year' for a hectare
of open ocean to 350,000 int$/year for a hectare of coral
reefs. Seagrass and algae beds are estimated to be 28,916
int$/year per hectare and mangroves and tidal marshes up to
193,843 int$/year per hectare. These values include a mix of
market and nonmarket values, with the latter being the most
important (De Groot et al. 2012). Those nonmarket values
are mainly estimated through existing studies of households’
willingness to pay to protect the habitats (Mendelsohn and
Olmstead 2009; Barbier et al. 2011). The TEEB report was
picked up extensively by mass media and alongside the
Millennium Assessment (MA) greatly influenced the com-
munication to policy makers (Schroter et al. 2014). Costanza
et al. (2014) used the TEEB report to determine the global
economic loss for the whole marine environment in response
to land use change between 1997 and 2011, obtaining a fig-
ure up to 10.9trillion$/year, mainly driven by coral reef deg-
radation (Costanza et al. 2014). The interconnection between
habitats may also greatly influence ecosystem services on a
spatiotemporal scale (Barbier et al. 2011). A coral reef will
not provide the same ecosystem services if mangroves or
seagrass meadows are present or absent from nearby coastal
area (Moberg and Folke 1999). More studies are required to
assess the different ecosystem services delivered by “out-
sider” habitats (important but underrepresented in science)
in a broader geographical range, taking into account the con-
nectivity between habitats and spatiotemporal variability of
the ecosystems.

Restoration projects have commonly been funded by gov-
ernments, by private companies restoring a given ecosystem
as compensatory measures of previous degradation and/or
loss of habitat elsewhere, or through biobanking and biodi-
versity offset initiatives (Bullock et al. 2011). Valuation of
ecosystem services has led to another way of funding which
would address both ecological and social issues with ecosys-
tem sustainability and poverty alleviation, respectively
(Farley and Costanza 2010). Payment for ecosystem services
(PES) schemes are emerging as new market-based approaches
for restoration projects, based on the argument that people
depend on ecosystem services and the way to ensure their
continued provision is to pay for them (Redford and Adams
2009; Muradian et al. 2010). The previous statement has
been increasingly used worldwide, especially in the terres-
trial environment (Farley and Costanza 2010; Bullock et al.
2011). In the marine environment, the main market-based
ecosystem service that could be integrated into a PES is car-

The international dollar, or the Geary-Khamis dollar, is a hypothetical
unit of currency that is used to standardize monetary values across
countries by correcting to the same purchasing power that the US dollar
had in the USA at a given point in time (De Groot et al. 2012).

bon storage through the reducing emissions from deforesta-
tion and forest degradation (REDD+) set of international
policies (Bullock et al. 2011; Locatelli et al. 2014). Blue for-
ests (mangroves, seagrass, and macroalgae) are known to
store a great quantity of carbon into their biomass or soil
which works as a buffer for climate change (Nelleman et al.
2009; McLeod et al. 2011; Himes-Cornell et al. 2018).
Seagrasses cover less than 0.2% of ocean bottom; yet they
are estimated to account for 10% of the global carbon seques-
tered in marine sediment (Fourqurean et al. 2012), while
mangrove accounts for 14% (Alongi 2012). Therefore, they
are strong candidates for PES projects, especially mangroves
due to a higher knowledge on ecosystem services and their
financial valuation (Liquete et al. 2013; Locatelli et al. 2014).
As mangroves are mainly present in developing countries,
mangrove PES restoration schemes could contribute to alle-
viate poverty within the local coastal communities through
restoration of ecosystem services, employment in restoration
program, and benefit from the PES funds while tackling the
issue of climate change at a global scale (Carpenter et al.
2006; Martinez-Alier 2014; Rodriguez 2018). A small-scale
mangrove-based PES project already exists in Kenya, called
“Mikoko Pamoja” (Fig. 5.5; see www.eafpes.org), but larger-
scale projects are still difficult to implement due to the lack
of local and regional institutional frameworks that could
cope with the complexity of such schemes (Bullock et al.
2011). Even though much criticism has been voided against
PES schemes, especially on their carbon-centric approach,
neglecting other goods and services and their long-term via-
bility, it is thought to be a vital tool to address the issue of the
significance of restoration ecology to stakeholders and deci-
sion makers (Redford and Adams 2009; Bullock et al. 2011).
Its implementation could be facilitated through the develop-
ment of innovative tools such as ecosystem services mapping
exercise.

The use of spatial analyses is extremely interesting in
restoration ecology to select areas to restore with the high-
est cost-benefit ratio. A study by Adame et al. (2015) devel-
oped a novel restoration approach based on biodiversity
and ecosystem services provided by a mangrove forest. The
use of physical parameters to estimate ecosystem services
might be tricky, but they assumed it to be more accurate
than the common restoration area selection based on acces-
sibility (Adame et al. 2015). These analyses do, however,
have several limitations mainly due to a lack of knowledge
in marine ecosystem boundaries, services, and connectivity
(Liquete et al. 2013). Improvements in modelling and map-
ping technologies could, therefore, provide better informa-
tion to advice and steer future ecosystem services policies,
helping them to meet goals of sustainability of ecosystem
services delivery.
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Fig.5.5 Local woman
planting mangrove juveniles
(a) in Gazy Bay Boardwalk,
Kenya (b). Permission of
Mark Huxham (www.
aces-org.co.uk/)

5.5 Discussion

Marine restoration ecology is an emerging field which could
potentially become the main discipline in ecological science
in the next decades. To reach this goal, reviews of success
and failures are extremely important to address the main
challenges faced. It will allow future projects to find solu-
tions to these challenges and improve this field. Ecological
restoration is critical for the persistence of marine habitats
(Aronson and Van Andel 2012), and therefore this article
provides important information on the relative success of
habitat-based restoration and address the main challenges to
improve it (Hobbs 2007; Zhang et al. 2018).

Different restoration methods have been utilized to restore
habitats (Rinkevich 2005; Bastyan and Cambridge 2008;
Ganassin and Gibbs 2008; Balestri and Lardicci 2014;
Bowden-Kerby 2001; Tortolero-Langarica et al. 2014;
Bayraktarov et al. 2016; Zhao et al. 2016). Transplantation
has proven to be the most effective tool for most types of
habitats (Bayraktarov et al. 2016). Restoration success is,
however, highly dependent on the type of habitat. Highest
restoration success is found within coral reefs and salt
marshes, which are also the best studied habitats in terms of
restoration techniques. Restoration success in the marine
environment is more dependent of habitat-based research
rather than financial input to the projects (Bayraktarov et al.
2016). Habitat-based research might include studies on top-
down control of transplants by grazers and predators which
is an important factor influencing marine restoration success
(Zhang et al. 2018). Few studies on top-down interactions
were directly employed and tested in restoration (four stud-
ies, 1%), but they were consistently found to have a signifi-
cant effect on restoration success (Zhang et al. 2018). Also
more studies on intra- and interspecies facilitation processes
could lead to improved restoration success as recent research

demonstrated that salt marsh restoration yield doubled sim-
ply by planting marsh grass plugs in aggregate (thus amelio-
rating abiotic stressors via increased intraspecific facilitation)
(Silliman et al. 2015).

Global warming is an upcoming threat to marine habi-
tats. Few are known about habitats’ resilience to this threat.
Each of them will be affected differently. Coral reefs will be
highly affected by the increased seawater temperature and
acidity (Veron et al. 2009). On the contrary, other habitat
formers could benefit from an increased CO, concentration.
The photosynthetic rates of seagrasses are CO,-limited
(Beer and Koch 1996). A study performed by Palacios and
Zimmerman (2007) with the eelgrass Zostera marina, a
temperate species, demonstrated that an increased CO, con-
tent in the atmosphere and oceans would lead to an increased
area-specific productivity of seagrass meadows. A similar
study performed by Ow et al. (2015) with three tropical sea-
grass species found the same result, yet explaining that
responses were variable between species. These studies
reinforce the emerging paradigm stating that seagrass mead-
ows are likely to benefit significantly from a high-CO, world
(Zimmerman et al. 2017). Acclimation and resilience capac-
ity, alongside the genetic potential of marine habitats, need
to be properly accounted for to address their vulnerability to
global warming. While global warming might reduce the
success of marine restoration, an inverse relationship also
exists as marine habitats are known for their great capacity
of carbon storage. Their restoration could be utilized as a
strategy to buffer global warming (Ledig and Kitzmiller
1992; Harris et al. 2006). Restoring more and more degraded
habitats would result in an increased carbon storage capac-
ity of coastal marine environments (McLeod et al. 2011).
This newly achieved capacity could then be maintained
throughout future scenarios of global warming via the selec-
tion of adapted morphotypes and improved species
plasticity.
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Van Oppen et al. (2015) stressed the need for quick and
reliable answers to the rapid changes. In the particular case
of coral reefs, the authors revised the idea of assisted evolu-
tion as a good approach, agreeing, to some extent, with the
ideas expressed in this work. Due to the lack of knowledge
about how manipulation at the genetic level would interfere
with natural processes, there is still uncertainty regarding the
so-called genetically modified organisms (GMOs). Although
in recent times, there has been an advancement in the knowl-
edge regarding the evolutionary mechanisms, information is
not enough to determine whether they will be, indeed, the
best way to proceed in terms of artificial selection to increase
the reach of ecological restoration programs.

These restoration strategies do not absolutely ensure the
success of the projects, as it requires the development of reli-
able metrics. The use of parameters based on the return of
ecosystem services provision is advocated as the most viable
option (De Groot et al. 2012; Bayraktarov et al. 2016). Not
all habitats have, however, been studied with the same atten-
tion, and there is still much to discover about their ecological
functions leading to the provision of ecosystem services
(Liquete et al. 2013). The use of the tools prior to restoration
actions, such as the HEA protocol, combined with other
tools such as InVEST, would provide clear objectives to
marine restoration projects related to the provision of eco-
system services (Cabral et al. 2016). It would then be easier
to develop and implement ecosystem services-based metrics
to estimate restoration success during monitoring studies.
Such metrics already exist for salt marshes and could be
regarded as a foundation to develop other habitat-specific
metrics (Staszak and Armitage 2012). They would also pro-
vide a common base to compare restoration projects in dif-
ferent habitats, leading to a better understanding of success
and failure of marine ecosystem restoration. The need to
improve communication between stakeholders and the gen-
eral public has been repeatedly highlighted and would be
aided by the use of ecosystem service metrics (Costanza
et al. 2014; Nordlund et al. 2018). Reliable estimates of res-
toration success provided by these metrics would facilitate
the involvement of stakeholders within these projects.
Restoration has an underlying force residing within its socio-
economic aspect. Valuation of ecosystem services through
global assessments, such as the TEEB and the MEA, has
increased the awareness of the general public about the cata-
strophic consequences of habitat loss on the society as well
as economy. They have greatly influenced stakeholders’ per-
ception of restoration (Costanza et al. 2014). An increased
awareness of the ecological and financial gains obtained
from ecological restoration through better valuation of eco-
system services will help decision makers to have the right
judgment on feasibility and outcomes of restoration
projects.

Many habitats in need to be restored are located in devel-
oping countries. Therefore, awareness of local communities’
influence on ecosystem goods and services should involve
and represent locals in restoring degraded habitats.
Bottom-up management of conservation areas and restora-
tion projects give more value and ownership to the local
community which will then have an incentive to self-enforce
any necessary policies. This will provide locals with the
tools to establish sustainable living conditions and address
poverty alleviation (Redford and Adams 2009; Farley and
Costanza 2010; Locatelli et al. 2014). Moreover, if locals are
taught to monitor the recovery of ecosystem services, these
jobs can even be long-lasting. The Mikoko Pamoja project
success is linked to the inclusion of Gazi and Makongeni
communities (Fig. 5.5). They participate in the seeding of
mangroves and benefit from the PES income with which they
provide clean water and educational material to school chil-
dren, mangrove conservation, and restoration and employ a
full staff member to coordinate the project (UNEP and
CIFOR 2014). The communities benefit from other
mangrove-related income such as ecotourism with the “Gazi
Bay Boardwalk” (Fig. 5.5) (Wylie et al. 2016). This project
won the Equator Prize in 2017, rewarding outstanding com-
munity efforts to reduce poverty through the conservation
and sustainable use of biodiversity (see also www.equato-
rinitiative.org). While this small-scale project was a success,
it seems much less realistic to realize a similar one on a
larger scale due to a lack of policy frameworks (Reford and
Adams 2009; Bullock et al. 2011; Muradian and Rival 2012).
The implementation of policies fostering restoration applica-
tions, such as the REDD+, is a necessary step to enhance
projects on temporal and spatial scales.

Marine habitat restorations are win-win projects, in which
all parts benefit from it. Locals regain lost ecosystem ser-
vices and, if they are included in the management project,
also benefit from long-lasting jobs. Stakeholders will see
their investment refunded in the following years using PES
schemes. The global population also benefits from these
projects which, through the carbon storage capacity of
coastal ecosystems, buffer global warming. Bottom-up man-
agement systems are now considered as the main method to
implement long-term restoration projects. The standardiza-
tion process and methods by the private sector could repre-
sent another way to accelerate the implementation of such
projects. The inclusion of locals could guarantee a larger
spatial and temporal scale for the projects, a higher invest-
ment fostered through PES schemes and/or similar
approaches, and the implementation of protocols habitat by
habitat. For instance, industrializing the process to maintain
and keep enhanced coral stocks will benefit ecological resto-
ration, but it will also be a great opportunity for aquarists,
therefore, creating a branch of business with a potentially big
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money income and a chance to have organisms better adapted
to greater ranges to environmental conditions (Van Oppen
et al. 2015). Within this context, the mass production of
organisms capable of tolerating higher stress conditions
would be an option, but further investigation is needed.

5.6  Conclusion

In conclusion, restoration is not a better approach than pas-
sive conservation; both strategies work together to reach
common goals to protect the natural capital (Elliott et al.
2007; Hobbs 2007; Zhang et al. 2018). We emphasize the
fact that assisting natural recovery of ecosystems is no longer
an option as their unassisted recovery rate is negligible and
cannot cope with the pace of habitat loss. Restoration has to
be seen as an integral part of our future ecosystem longevity
and requires an urgent focus and implementation to address
rapid changes and loss caused by both climate change and
multiple direct human-related impacts. Marine restoration
projects are not always successful. Failures are mainly due to
a lack of habitat-based research in a broader geographical
range and of reliable success metrics. Valuation of ecosystem
services to increase public and stakeholders’ awareness is an
important step in marine habitat restoration. It would also
improve the use of payment for ecosystem services schemes
which are a useful tool to implement bottom-up management
of marine restoration projects. Marine habitat restorations
are win-win projects: they increase biodiversity, enforce
local communities, and buffer climate change. We have the
abilities to force such change; it is now time to unite our
efforts and undertake the path of ecological restoration for
the good of all.

Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 6: “The challenge of marine restoration programs:
habitats-based scientific research as a key to their success.”
The original Call for Abstracts and the abstracts of the pre-
sentations within this session can be found in the Appendix
“Conference Sessions and Abstracts”, Chapter “5 The chal-
lenge of marine restoration programs: habitats-based scien-
tific research as a key to their success”, of this book.
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Understanding How Microplastics
Affect Marine Biota on the Cellular
Level Is Important for Assessing
Ecosystem Function: A Review

Natalie Prinz and Spela Korez

Abstract

Plastic has become indispensable for human life. When
plastic debris is discarded into waterways, these items can
interact with organisms. Of particular concern are micro-
scopic plastic particles (microplastics) which are subject
to ingestion by several taxa. This review summarizes the
results of cutting-edge research about the interactions
between a range of aquatic species and microplastics,
including effects on biota physiology and secondary
ingestion. Uptake pathways via digestive or ventilatory
systems are discussed, including (1) the physical penetra-
tion of microplastic particles into cellular structures, (2)
leaching of chemical additives or adsorbed persistent
organic pollutants (POPs), and (3) consequences of bacte-
rial or viral microbiota contamination associated with
microplastic ingestion. Following uptake, a number of
individual-level effects have been observed, including
reduction of feeding activities, reduced growth and repro-
duction through cellular modifications, and oxidative
stress. Microplastic-associated effects on marine biota
have become increasingly investigated with growing con-
cerns regarding human health through trophic transfer.
We argue that research on the cellular interactions with
microplastics provide an understanding of their impact to
the organisms’ fitness and, therefore, its ability to sustain
their functional role in the ecosystem. The review sum-
marizes information from 236 scientific publications. Of
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those, only 4.6% extrapolate their research of microplas-
tic intake on individual species to the impact on ecosys-
tem functioning. We emphasize the need for risk
evaluation from organismal effects to an ecosystem level
to effectively evaluate the effect of microplastic pollution
on marine environments. Further studies are encouraged
to investigate sublethal effects in the context of environ-
mentally relevant microplastic pollution conditions.

Keywords
Plastics - Tissue level - Chemical contamination -
Oxidative stress - Sublethal effects - Ecosystem function

6.1 Introduction

Plastic pollution is ubiquitous in the global environment.
The Industrial Revolution paved the way for the rapid
development in manufacturing of long-lasting plastic mate-
rials. Consequently, the volume of plastic waste produced
has increased. Our reliance on this man-made material has
led to what some call “the plastic age” (Thompson et al.
2009a). Worldwide ~348 million tons of plastics were pro-
duced in 2017, of which approximately 42% was used for
single-use packaging (Geyer et al. 2017; Plastics Europe
2018). Littering, ineffective recycling management prac-
tices, weather events, etc. have all been linked to the release
of plastics into the environment. It has been estimated that
between 4.4 and 12.7 million tons of plastic enter the
marine environment annually (Jambeck et al. 2015). Over
time, in the environment and exposed to weathering, sun-
light, and mechanical degradation, large plastics will
become brittle and break down to secondary microplastics
(<5 mm) and nanoplastics (<100 nm) (MSFD Technical
Group on Marine Litter 2013). Secondary microplastics
also include microfibers that are washed out of synthetic
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clothes (Browne et al. 2011). Primary microplastics are
small particles designed to be used for manufacturing large
plastic items, including virgin resin pellets and microbeads
(from cosmetics and personal care products) (Andrady
2017). Many fibers and microbeads are too small to be
removed by filters used in sewage systems and will be
flushed into the sea (Carr et al. 2016; Lebreton et al. 2017).
This makes the issue of marine plastics more pressing for
the coming centuries due to a consistent increment in
microplastic abundance (Browne et al. 2007). Nowadays,
microplastics are omnipresent, in rivers, estuaries, on
shorelines, the ocean surface or in the water column, and on
the seafloor (GESAMP 2015). The ubiquitous nature of
microplastics in the environment means that biota can, and
will, interact with them from the surface waters of the
ocean to the deep sea. The bioavailability of microplastics
depends on their size, density, abundance, shape, and color
(Wright et al. 2013a). Over 1401 marine species are known
to interact with marine plastic debris in different ways
(Ocean Plastics Lab 2018). However, entanglement and
ingestion are the most common types of interaction between
biota and plastics (Gregory 2009). Fouling of bacteria on
plastic particles may promote the ingestion of plastic mate-
rials by biota (Zettler et al. 2013; Vroom et al. 2017).
Microplastic ingestion has been described for many taxa of
animals including plankton, invertebrates, fish, sea turtles,
and marine mammals (Cole et al. 2013; Foekema et al.
2013; Schuyler et al. 2013; Hamer et al. 2014; Lusher et al.
2015; Scherer et al. 2018). Current research efforts focus
on the effects of microplastics entering and being chan-
neled up aquatic food chains. It is still being investigated
which species are more susceptible to the encounter and
uptake, and which mechanisms are simultaneously affected
(Rochman et al. 2015). Many species have been observed
to directly take up plastics, either by selective targeting of
plastic items, or accidental ingestion by filtration or preda-
tion (Lusher 2015).

Most organisms are constantly confronted with inert par-
ticles of different sizes, shapes, and materials throughout
their life. Seif et al. (2018) highlighted that, apart from plas-
tic, metal, glass, and building materials were also found in
the intestines of gulls. Microplastics are often similar in size
to sediment particles or may resemble a grain of sand.
Therefore, it is not surprising that animals in coastal areas,
particularly filter feeders, consistently encounter natural par-
ticles as well as particles generated by human activity like
microplastics (Van Cauwenberghe and Janssen 2014; Weber
et al. 2018). Usually, if an animal is not able to digest an
item, it egests it after some time (Garrett et al. 2012; Santana
et al. 2017). Plastic particles represent foremost foreign bod-
ies inside an organism; nevertheless, their charge, chemical

composition, and contamination are of particular interest. In
many cases, added chemicals in plastic manufacturing and
persistent organic pollutants seem to be the actual threat.
Increasingly, studies focus on physiological effects of micro-
plastics on animals on an individual scale (Lusher 2015), as
microplastics potentially cause cryptic sublethal effects that
have to date rarely been investigated (Koelmans 2015). The
effects include pathological stress, reproductive complica-
tions, changes in enzymes activities, reduced growth rate,
and oxidative stress (Besseling et al. 2014; Sutton et al.
2016). Smaller particles (<100 nm) may have greater conse-
quences upon ingestion, because they may end up in the tis-
sues or even inside the cells (Lusher 2015). The time a
particle spends inside the body (i.e., the retention time) is
crucial for estimating chemical exchanges within the body.
Many studies investigate the occurrence of plastic within the
intestinal tract of an organism without discussing an impact
on the animal itself (Boerger et al. 2010; Lusher et al. 2013;
Battaglia et al. 2016; Rummel et al. 2016; Baalkhuyur et al.
2018). Yet, a wealth of studies identify effects of microplas-
tic with artificial concentrations that are far beyond natural
levels as currently encountered in the ocean (Peda et al.
2016; Lusher et al. 2017; Critchell and Hoogenboom 2018).
Nevertheless, findings provide evidence that plastic particles
can cause internal wounds, lesions, or blockage of the diges-
tive tract, which can promote a feeling of satiation that can
lead to starvation, depletion of strength, and even death
(Gregory 2009, Jovanovi¢ 2018).

It is important to disentangle the risks associated with
ingested particles in an ecologically relevant context
(Koelmans et al. 2017a). In a future of ever smaller particles,
many organisms will be confronted with them, regardless of
the size of the organism (Mattsson et al. 2017; Vendel et al.
2017; Critchell and Hoogenboom 2018).

This review evaluates the consequences of microplastic
ingestion by summarizing the pathways of ingested micro-
plastics and their subsequent effect on marine species, with
some examples from freshwater species. The specific aims
were to (i) collect results from current research of
microplastic-derived impacts of organismal physiology and
(i1) highlight the urgent need for embedding research on
microbiological functioning of internal structures into the
impact on ecosystem functioning. Further, this review aims
to (iii) highlight the gaps of research that elaborate the sub-
lethal effects of microplastics on an ecosystem function
approach. An extensive literature review of 236 scientific
publications resulted in this synthesized review. The percent-
age of articles discussing impacts on ecosystem function
were calculated.

Three types of consequences of microplastics uptake
through the digestive tract or the respiratory system have
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Fig.6.1 Transfer pathways of microplastic particles and associated contaminants in the body of an organism (MP, microplastics; POPs, persistent
organic pollutants). *Chemical impacts are graphically explored in more detail in Anbumani and Kakkar (2018)

been identified: (1) physical penetration of microplastic par-
ticles into cellular structures, (2) leaching of chemical addi-
tives or persistent organic pollutants (POPs) into the body, or
(3) infecting eukaryotic and bacterial microbiota from the
surface of ingested microplastics (Fig. 6.1). First, availability
of microplastics to different biota will be discussed (Sect.
6.2). This entails the interactions of flora and fauna with
microplastics. Further, known consequences of plastic
particles in the tissues and cells are summarized (Sect. 6.3)
with an evaluation on how cellular biomarkers are used
(Sect. 6.4). Finally, the interactions between chemical pollut-
ants and structures in the body are evaluated (Sect. 6.5) lead-
ing to a discussion about trophic cascading (Sect. 6.6) and
human health (Sect. 6.7). Finally, this review discusses path-
ways of microplastic particle interaction with biota on the
cellular level and concludes with suggestions for concrete
research foci (Sect. 6.8).

6.2 Interactions of Different Organisms
with Microplastics
6.2.1 Microplastic Interaction with Aquatic

Primary Producers

Effects on algae are often neglected to be considered.
Bhattacharya et al. (2010) reported that nanosized plastic
beads can be adsorbed by a green algae (Scenedesmus

spp.), hindering the photosynthetic activity. This occur-
rence was attributed to the physical chemistry of the parti-
cles when positively charged. Photosynthesis of a marine
diatom (Thalassiosira pseudonana) and marine flagellate
(Dunaliella tertiolecta) was not affected, although at high
concentrations and decreasing particle size of uncharged
polystyrene particles, growth was reduced (Sjollema et al.
2016). Microplastics can form aggregates with some phyto-
plankton species. The phytoplankton Rhodomonas salina
has a tendency to incorporate more microplastic to the
aggregate compared to Chaetoceros neogracile (Long et al.
2015). More concerning effects are addressed in a recent
study by Kalcikova et al. (2017) with a freshwater species.
Sharp polyethylene microplastics from exfoliating cos-
metic products are reducing the viability of the root cells of
the duckweed (Lemna minor), which detrimentally affects
their growth. A similar phenomenon was observed in moss
(Sphagnum palustre) where small aggregates of microplas-
tics entered into the hyalocyte cells of the leaf. Bigger
aggregates of microplastic adsorbed on the moss’ surface
(Capozzi et al. 2018). Adsorption was also observed in the
colonial green algae Scenedesmus or seaweed Fucus vesic-
ulosus (Bhattacharya et al. 2010; Gutow et al. 2016). Such
results address the significance of primary producers inter-
acting with microplastic (Yokota et al. 2017). Green et al.
(2016) concluded that a reduction of macroalgal biomass
can be responsible for the overall primary productivity of a
sandy bottom ecosystem. This clearly alludes to further
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Fig.6.2 Schematic presentation of microplastic interaction with different organisms in the food web. (Based on Wright et al. 2013a; Lusher 2015;

Tosetto et al. 2017)

studies that quantify the effect of microplastics on the func-
tion that primary producers exhibit in the marine environ-
ment (Troost et al. 2018).

6.2.2 Microplastic Interactions
with Invertebrates

The bioavailability of microplastic allows biological interac-
tions with organisms of different feeding types (Fig. 6.2).
Auvailability of microplastic is sometimes dependent on the
organisms itself, as for Antarctic krill (Euphausia superba)
which can biologically fragment microplastic into smaller
nanoparticles upon ingestion (Dawson et al. 2018). Apart
from the direct ingestion from the water, microplastic can be
ingested through their prey (Watts et al. 2014; Green et al.
2015) or through adherence on the organs that are primarily
not involved in digestion (Kolandhasamy et al. 2018). The
latter was observed in blue mussels with microplastic pres-
ence in the gonad, mantle, adductor, visceral, and foot
(Kolandhasamy et al. 2018). Here, the digestive gland con-
tained the highest levels of microplastics; however, a clear-
ance experiment showed the retention of microplastics also
in other organs.

When microplastics aggregate with marine snow
(Summers et al. 2018) or phytoplankton (Long et al. 2015)

they are especially attainable for small and large filter feed-
ers (Setild et al. 2016, Besseling et al. 2015), and zooplank-
ton (Cole et al. 2013). Over time, microplastic is introduced
to the sediment habitat. Together with sediment particles or
feces, it can be consumed by benthic suspension or deposit
feeders and detritivores, such as annelids (Besseling et al.
2013). Cole et al. (2015) observed that microplastics encap-
sulated within the fecal pellets can be transferred between
coprophagous copepod species. Furthermore, floating micro-
plastics that wash onto the shore are available to inverte-
brates in the intertidal (Lourenco et al. 2017). Unsurprisingly,
microplastic is not only ingested by marine invertebrates.
Studies report about representative freshwater organisms
such as zooplankton (Daphnia magna), amphipods (Hyalella
azteca, Gammarus pulex), and sponges (Hydra attenuate) to
be affected as well (Au et al. 2015; Rehse et al. 2016, 2018;
Murphy and Quinn 2018; Weber et al. 2018).

6.2.3 Microplastic Interactions
with Vertebrates

Predatory vertebrate species can ingest microplastic uninten-
tionally, when misidentifying synthetic microparticles for
prey. This is especially common when the actual prey is of
distinctive color, like in the case of the family of fish
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Gerreidae and blue copepods (Ory et al. 2017). In addition to
fish (Ramos et al. 2012; Choy and Drazen 2013), microplas-
tic was also reported in predators such as sea birds (Kiihn
and van Franeker 2012), sea turtles (Schuyler et al. 2013,
Yaghmour et al. 2018), and marine mammals (Lusher et al.
2018). Vertebrates that ingested microplastic can also pro-
mote trophic transfer by ingesting microplastic-containing
invertebrates (i.e., bivalves, amphipods, barnacles, poly-
chaetes) or even while scraping on biofilm (Ramos et al.
2012; Reisser et al. 2014, Hodgson et al. 2018). Once the
microplastic-containing organisms, such as fish, crustaceans
or polychaetes egest feces, microplastic can be available to
coprophagous organisms (Cole et al. 2016).

The level of plastic uptake of an organism is accommo-
dated by several factors, such as foraging location, feeding
strategies, life stage, and type of plastic in the environment.
For example, the location of foraging plays an important role
in what is ingested. Interestingly, oceanic juvenile and adult
turtles ingested more debris than coastal foragers (Schuyler
et al. 2013 and literature cited therein). Feeding mode seems
to be correlated to the amount of plastic ingested by fish
(Anastasopoulou et al. 2013; Romeo et al. 2015; Battaglia
et al. 2016). Early life stages of fish are suggested to be
increasingly confronted with microplastic, as they dwell
close to the ocean surface where floating microplastic con-
centrate (N. Prinz, unpubl. data), or in the water column
where particles become masked by microbial communities.
Understanding differences in exposure conditions in the wild
is of major importance to investigate how different species
cope with exposure to microplastic in experimental set-ups
(Rochman and Boxall 2014).

6.3  The Physical Aspect: Consequences

of Microplastic Uptake

To quantify the interactions and effects of microplastic
uptake in biota, laboratory exposure experiments are used on
key species, resistant to versatile laboratory conditions
(Devriese et al. 2015). To increase the probability of micro-
plastic uptake, the concentrations often exceed environmen-
tal levels by several orders of magnitude. Studies provide us
with the future scenario without appropriate current repre-
sentation of the microplastic pollution (Rochman and Boxall
2014; Paul-Pont et al. 2018). Therefore, caution needs to be
taken when interpreting the results. Furthermore, studies
need to clearly disentangle consequences of exaggerated
microplastic uptake from those likely encountered in the
wild.

Physical effects of microplastics can be observed on indi-
vidual or population level (Galloway and Lewis 2016).
However, from 236 scientific publications reviewed herein,
only 11 extrapolate results to the impact on ecosystem func-

tion (4.6%), with only three studies mentioning ecosystem
function in the title (1.3%) (Table 6.1).

The effects of microplastics on specific specimen are
mostly investigated in marine species. However, some
already report the effects on freshwater organisms. Mattsson
et al. (2017) reported that the uptake of microplastics by
freshwater Daphnia magna positively correlated with
microplastic concentrations. This was also observed in the
marine species such as bivalves (Macoma baltica, Mytilus
trossulus), mysids, and in the fiddler crab, Uca rapax
(Brennecke et al. 2015; Setili et al. 2016). Upon ingestion,
microplastics are either retained in the organism, accumu-
lated, egested, translocated into the tissue (Browne et al.
2008), or rejected. Rejection was observed in larvae of the
sea urchin (Tripneustes gratilla). The ingestion of microplas-
tic was thus reduced as the larvae actively discriminated
between edible and inedible particles (Kaposi et al. 2014).
Moreover, zebrafish showed spitting behavior in laboratory
conditions as an identification mechanism of ingested but
inedible microplastics (Kim et al. 2019). A similar mecha-
nism of selection due to low nutritional content of the micro-
plastic was observed also in blue mussels, where particles
were excreted as pseudofeces (Wegner et al. 2012; Farrel and
Nelson 2013).

Yet, possibly not all animals have the ability of rejection,
and microplastics are likely retained. The effect of the
retained microplastics depends on the particle size (Wright
et al. 2013a) and seems to be affecting organisms in several
ways. Some organisms like the Atlantic Sea scallop
(Placopecten magellanicus) retain bigger beads longer, as
they are probably transferred to the digestive gland for
digestion. Smaller particles are trapped in the rejection
grooves on the sorting tracts and egested (Brillant and
MacDonald 2000). Wright et al. (2013b) attribute longer
retention in lugworm to the low nutritional value of the par-
ticles and their extensive and energetically costly digestion.
Similarly, in corals, the particles moved deep into their pol-
yps, wrapped in their mesenterial tissue. Since the tissue is
responsible for the digestion, this raises concerns of the
ability to ingest natural food (Hall et al. 2015; Allen et al.
2017). Research on corals is still scarce, but some negative
impacts on the health of stony corals were documented with
the potential to be sublethal in the long term (Reichert et al.
2018; Tang et al. 2018). In addition to size, the shape of the
microplastics is influential. Irregularly shaped microplastic
can cause histopathological damages, as observed in the
intestine of adult zebrafish (Duis and Coors 2016; Horton
et al. 2017; Lei et al. 2018) and European sea bass (Peda
et al. 2016).

The ingestion, retention, and egestion can impair the
nutritional health of the organisms. The lungworm (Arenicola
marina) is used in several studies as an indicator species and
ecosystem engineer (Green et al. 2016). Besseling et al.
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(2013) and Wright et al. (2013b) observed reduced feeding
rates and weight loss in the lugworm upon feeding on poly-
styrene microplastics. The authors observed reduced growth,
maturity, reproduction, and somatic maintenance due to
depleted energy reserves (Wright et al. 2013b). Langoustine
(Nephrops norvegicus) lost body mass due to microplastic
retention, which resulted in lower growth rates (Welden and
Cowie 2016). Sea urchin larvae had reduced their body
width, which was again related to reduced feeding efficien-
cies (Kaposi et al. 2014). Upon microplastic ingestion,
Sussarelluetal. (2016) report that Pacific oysters (Crassostrea
gigas) reallocated energy for reproduction to structural
growth and maintenance. However, microplastic is differ-
ently affecting the nutritional health of the freshwater organ-
isms. Weber et al. (2018) namely observed no significant
effect on survival, development, metabolism (glycogen, lipid
storage), or feeding activity of the freshwater amphipod
Gammarus pulex upon microplastics ingestion. This is likely
attributed to this species being a detritivore and adapted to
non-digestible material.

Interestingly, the predatory performance of blue discus
(Symphysodon aequifasciatus) juveniles and the common
goby (Pomatoschistus microps) were negatively affected
after microplastic exposure (de Sa et al. 2015; Fonte et al.
2016; Wen et al. 2018). Reduced performance raises con-
cerns for survival of the organism as it diminishes the chances
of capturing prey or escaping the predators. This might have
subsequent effects on the population level if the levels of off-
spring are reduced on account of starvation, reduced growth,
reproductive failure, and mortality (Ferreira et al. 2016;
Galloway and Lewis 2016). In the studies by Lee et al. (2013)
and Mazurais et al. (2015) mortality correlated with micro-
plastic abundance in nauplii and copepodite stages of cope-
pods and in the larvae of the European sea bass (Dicentrarchus
labrax). Microplastic intake had lethal effects on fish larvae
(Mazurais et al. 2015), forming a possible bottleneck in pop-
ulation dynamics which would lead into decrease of fish
stocks (Steer et al. 2017; N. Prinz, unpubl. data).

Effects of microplastic were observed also on population
level. Green and collaborators have shown a holistic effect of
plastic on the function of bivalve-dominated sandy bottom
ecosystems through measuring animal-mediated biogeo-
chemical processes and abundance of different biota (Green
et al. 2015, 2016, 2017). Only a few studies conclude with
possible impacts on ecosystem function by microplastics
that induced reduction of intracellular metabolic and endo-
crine functioning.

Galloway et al. (2017) described the potential impacts of
microplastic exposure from the subcellular to the ecosystem
level. This emphasizes again that effects on enzyme activity,
oxidative damage, or gene expression can lead to sublethal
pathological responses in the cells and organs, eventually
harming entire populations through reduced fitness. The con-

sequence of behavioral changes or community shifts can
affect the ecosystem as we know it.

6.4 The Cellular Aspect: When
Microplastic Particles Translocate

into the Tissue

Current scientific efforts focus on more invasive effects of
microplastics on organisms. Microplastic is not just affecting
organisms when passing through the digestive system, but it
can enter into the cells of the digestive tissue, be found in the
blood and translocate between tissues (Volkheimer 1975,
1977). Browne et al. (2008) first showed the translocation of
microplastic from the gut to the circulatory system of the
blue mussels (Mytilus edulis) in 3 days. The particles stayed
there for almost 50 days. The translocation to the hemocytes
was not particle size-dependent, as both 3 pm and 9.6 pm
small microspheres translocated. Nevertheless, the smaller
particles showed a higher probability of entering into the
hemolymph. Translocated microplastics were also found in
the laboratory experiments with the shore crab (Carcinus
maenas). After 1 h the 0.5 pm polystyrene microspheres
were found in the stomach, hepatopancreas, ovary, gills, and
hemolymph (Farrel and Nelson 2013). The experiments with
bigger microparticles (10 pm) failed to show translocations
to other organs (Watts et al. 2014), suggesting a size-
dependent translocation in organisms. Similar observations
of microplastic presence in the hepatopancreas, the stomach,
and the gills were made in the laboratory experiments with
the fiddler crab, Uca repax (Brennecke et al. 2015).
Microplastics were observed in the endocytotic vacuoles of
digestive epithelial cells of blue mussels, in their intestine
and in the lumina of their primary and secondary ducts of the
digestive gland. Epithelial cells of ducts and tubuli were
eliminating microplastics, which were phagocytosed into the
tissue, forming granulocytomas, an inflammatory response
against the foreign particles (von Moos et al. 2012). The
translocation of microplastic can sometimes be specific. In
held mullet (Mugil cephalus), in zebrafish and in European
Anchovies (Engraulis encrasicolus) microplastic translo-
cated to their liver (Avio et al. 2015; Lu et al. 2016; Collard
et al. 2017). Once translocated, microplastics can either
cause oxidative stress (von Moos et al. 2012; Lu et al. 2016)
or remain inert (Oliveira et al. 2013; Alomara et al. 2017).

6.4.1 Biomarkers Revealing the Effects

of Microplastic on the Cellular Level

The direct impacts of microplastics on signaling pathways in
the tissue are of interest to increase the knowledge on cellu-
lar effects. To investigate this, biomarkers are used as these
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biochemical tools measure an organisms’ response to envi-
ronmental contaminants (Monteiro et al. 2005). Many stud-
ies measured the activities of digestive enzymes as
biomarkers. Microplastics affected, namely, digestive
enzyme activities in the digestive system of isopods (Idotea
emarginata), freshwater blue discus (Symphysodon aequi-
fasciatus), silver barb (Barbodes gonionotus), and common
carp (Cyprinus carpio) (Haghi and Banaee 2017; Romano
et al. 2017; Wen et al. 2018; S. Korez, unpubl. data). The
affected activities of enzymes, such as lipase, esterase, tryp-
sin, amylase, or alkaline phosphatase, show some kind of
physiological challenge to the organism upon microplastic
ingestion.

Microplastics enter into the cells through endocytosis or
permeate through the lipid membrane when smaller than
50 nm (Fig. 6.3) (von Moos et al. 2012; Pinsino et al. 2015;
Jeong et al. 2017). One biomarker used to estimate the health
of an animal is the lysosomal membrane stability (LMS)
which is sensitive to environmental pollutants (Moore et al.
2006). Lysosomes are single membrane organelles in the cell
cytoplasm and are sensitive to environmental pollutants.
Their function is cell-specific, however they are responsible
for digesting the material taken into the cell (Martinez-Gémez
et al. 2015). Microplastics were found in the lysosomes of
blue mussels and caused the lysosomal membrane to destabi-
lize, indicating that mussels were affected by the presence of
these particles (von Moos et al. 2012; Avio et al. 2015).

Lysosome

Antioxidant
enzymes

y
DAMAGES

Fig. 6.3 Simplified schematic presentation of events upon microplas-
tic entering the cell. Reactive oxygen species (ROS) are produced as a
response to the foreign particle. The antioxidant enzymes are protecting
the cell against ROS. In case of constant exposition to ROS, oxidative
damages occur that target biomolecules. (Adapted after Wakamatsu
et al. 2008)

Once in the cell, microplastic can induce oxidative stress
due to a generation of reactive oxygen species (ROS). These
are generated when particles are recognized as foreign par-
ticles by inflammatory cells, which generate an oxidative
response (Miller et al. 2012). Through antioxidants, such as
vitamins and enzymes, cells are usually appropriately pro-
tected (Lushchak 2011). Enzymes regulate the level of ROS
in the cell but in the case of continuous exposure to micro-
plastic can cause oxidative damage (Fig. 6.3) (Sureda et al.
2006).

There are a few studies concerning the biological effects
of microplastics that use oxidative stress as a biomarker.
Elevated ROS levels were observed in mussels (Mytilus
spp.), monogonont rotifers (Brachionus koreanus), the labrid
fish Coris julis, and the zebrafish Danio rerio after exposure
to microplastic (Sureda et al. 2006; Paul-Pont et al. 2016;
Jeong et al. 2016; Lu et al. 2016). Overall, microplastic tox-
icity generally increases with the decreasing particle size
(Pan et al. 2007; Choi and Hu 2008; Jeong et al. 2016, 2017).
Specifically, a negative correlation between ROS levels and
decreasing microparticle sizes was shown in copepods, roti-
fers, and zebrafish (Jeong et al. 2016, 2017; Lu et al. 2016).
The corresponding enzymatic defense mechanisms against
elevated ROS follow the same trend of microplastic-size
dependence. Rotifers (B. koreanus) and copepods
(Paracyclopina nana) showed increased defense enzyme
activities with decreasing microplastic size (Jeong et al.
2016, 2017). Endocytosis of nanoscale microplastics was not
observed to induce oxidative stress responses in red mullet
Mullus surmuletus. However, the increase in the activity of
glutathione-S-transferase (GSF) was observed, suggesting
activation of detoxification systems (Alomara et al. 2017).
Above listed species experienced no cellular changes,
increase in enzyme activity, or oxidative damage even though
the organisms ingested microplastics.

ROS can have detrimental effects on biomolecules such
as lipids when there are insufficient amounts of antioxidants
present (Lushchak 2011). Lipid droplets in the liver of
zebrafish confirmed that microplastics affect lipid metabo-
lism (Lu et al. 2016). However, the trend was not universal in
all organisms, as the lipid peroxidation levels remain
unchanged in the labrid fish Coris julis, in the common goby
and mussels (Mytilus spp.) after microplastics exposure
(Sureda et al. 2006; Oliveira et al. 2013; Paul-Pont et al.
2016). The time of microplastic exposure plays a significant
role, as short-term exposures showed no effect on lipid
metabolism (von Moos et al. 2012; Avio et al. 2015). In addi-
tion to lipids, ROS can oxidate proteins and induce gene
expression of specific metabolic pathways (Jeong et al. 2016,
2017). In copepods (P. nana) and rotifers (B. koreanus),
kinase proteins were activated, indicating cell death (Jeong
et al. 2016, 2017). In the copepod, P. nana (Jeong et al.
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2017), the nematode, Caenorhabditis elegans (Lei et al.
2018), and Mytilus galloprovicialis microplastics up-
regulated genes of cellular and immune defense pathways
and enhanced the energy production (Avio et al. 2015; Détrée
and Gallardo-Escarte 2017). The scleractinian coral
(Pocillopora damicornis) showed induced antioxidant
enzymes and detoxifying and immune enzyme activities
were repressed (Tang et al. 2018). In M. galloprovincialis
microplastic caused DNA damages (Avio et al. 2015).

6.5 The Chemical Aspect: Uptake
of Leachates from Microplastics

into the Body

Microplastics do not solely have consequences as a foreign
body. If microplastics are ingested, they can act as a vector
for the transfer of chemical contaminants to individuals.
Given the diversity of contaminants in aquatic environments
as well as the complex chemical structure of plastic poly-
mers, a multitude of different chemical exchanges may occur
inside the body of organisms upon ingestion (Karami et al.
2016a; Karami 2017). Also in this regard, the retention time
of microplastic particles within the body is especially crucial
for possible chemical exchanges into the cells (Welden and
Cowie 2016). Some plastic polymers are considered biologi-
cally inert (Rist et al. 2018). Therefore, environmentally
sorbed contaminants are of particular interest, as these chem-
icals can leach from the particle into the organism and affect
metabolic pathways (Rochman 2015). An exact evaluation of
the pollutants and their concentrations on the particle is
needed to draw solid conclusions about the impact of micro-
plastics on biota.

6.5.1 Leaching Additives and Persistent

Organic Pollutants: The Real Threat?

Plastics are synthesized from monomers, which are polymer-
ized to form macromolecular chains (Galloway 2015).
Microplastics, in particular, can act as a vector for com-
pounds that are added during plastic production and may be
toxic to organisms (Browne et al. 2008; Hermabessiere et al.
2017). The final plastic polymers often include initiators,
catalysts, solvents, stabilizers, plasticizers, flame retardants,
pigments, and fillers (Crompton 2007; Galloway 2015).
Because of their low molecular weight, toxic compounds,
such as nonylphenol (NP) and bisphenol A (BPA), leach out
of the plastic polymer, as they can naturally break down and
release into the surrounding environment (Flint et al. 2012;
Galloway 2015). Based on biodynamic modeling,
microplastic-exposed animals, like lugworm and cod, are

threatened by already low concentrations of NP and BPA
(Koelmans et al. 2014, Bakir et al. 2016). Other evidence
suggests BPA to cause reproductive toxicity in breeding
zebrafish (Danio rerio) (Laing et al. 2016).

Alternatively, chemicals dissolved in the surrounding
seawater can adsorb on the microplastic’s surface. A multi-
tude of factors influence the sorption-desorption of persis-
tent pollutants (PPs) from the seawater onto microplastics,
including shape, size, type of polymer, fouling, pH, tem-
perature, PP concentration, and K, (n-Octanol/Water
Partition Coefficient) of PPs (Teuten et al. 2007; Wang
et al. 2016). Some persistent pollutants (PPs) that sorb onto
microplastics are polycyclic aromatic hydrocarbons
(PAHs), pesticides (dichlorodiphenyl trichloroethane,
DDTs), polychlorinated biphenyls (PCBs), metals, and
other endocrine disrupting chemicals (Ng and Obbard
2006; Cole et al. 2011; Bakir et al. 2014; Avio et al. 2015;
Llorca et al. 2018). The importance of chemical exchange
not only in the water column but in the sediment cannot be
underestimated, as heavy metals from antifouling paints,
fuel combustion, and industrial waste in sediments can sorb
onto microplastics (Deheyn and Latz 2006; Holmes et al.
2012; Rochman et al. 2013; Khan et al. 2015; Brennecke
et al. 2016). The global concentration of POPs in marine
plastic pellets was estimated to be 1 — 10,000 ng g=! (Ogata
et al. 2009; Hirai et al. 2011).

Additives and pollutants sorbed onto microplastics are
bioavailable to marine microorganisms which can metabo-
lize them (Chua et al. 2014; Avio et al. 2015; Wardrop et al.
2016; Auta et al. 2017). Laboratory studies artificially spike
microplastics to quantify in how far digestion is an important
process in the so-called leaching or desorption of POPs.
When particles containing adsorbed chemicals are ingested
by an organism, the change in surrounding conditions can
promote the release of pollutants (e.g., Besseling et al. 2013;
Browne et al. 2013; Batel et al. 2016). Desorption rates of
some contaminants in gut surfactants are up to 30 times
faster than in the surrounding seawater (Bakir et al. 2014).
These desorption rates are influenced by many factors such
as pH and body temperature (Hollman et al. 2013; Bakir
et al. 2014). For instance, PCBs may leach into fat tissue due
to their hydrophobic properties (Hollman et al. 2013). In
short-tailed shearwaters (Puffinus tenuirostris) from the
field, chemical tracers were identified in the blubber tissue
and the same tracers were isolated from plastics found in
their stomachs (Tanaka et al. 2013). This is particularly inter-
esting, as most studies up-to-date only investigate the diges-
tive tract and draw conclusions from there. Some other
important factors for leaching processes, like the constituent
polymer, shapes, sizes, and buoyancy differences, are to be
considered in bioassay protocols and microplastic toxicity
testing (Karami et al. 2016b).
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Biomarker responses in organisms like fish can provide
insights in specific chemical interactions (Rudneva 2013).
Measuring biomarkers such as the activity of enzymes is not
only used for the effect of the inert particles on internal
metabolism (Sect. 6.4.1) but also to elucidate the effect of
chemical contaminants such as pesticides in the body
(Ferreira et al. 2016). Plastic-associated chemicals can bind
to specific cell receptors, which activate signaling pathways.
In the common goby, virgin plastic particles did not induce
acute toxicity of chromium (Lufs et al. 2015). PAH, Benzol[a]
pyrene, with which plastics were spiked, sorb into the intes-
tine in adult zebrafish (Batel et al. 2016). The decrease in
enzyme activity leads to a loss of energy (Oliveira et al.
2013), which can result in movement and vision difficulties
and consequently influence predatory performance of the
organisms (Ferreira et al. 2016; Fonte et al. 2016; Wen et al.
2018). This, in turn, could be investigated further to estimate
the effect on the function of an organism in the ecosystem.

Chemical contaminants can have a wide range of harmful
effects such as causing cancer and endocrine disruption,
hepatic stress, birth defects, immune system problems, and
early development issues (Teuten et al. 2009; GESAMP
2015; Rochman et al. 2013; Setdld et al. 2016; Auta et al.
2017). Bioaccumulation has been found in animal as well as
in plant tissue with the consequence of ecotoxicity (Chua
et al. 2014; Chae and An 2017; Smith 2018). Toxicity can
already occur by simple attachment of contaminated micro-
plastics on epithelia of zebrafish, with serious effects of
waterborne toxic substances on early life stages (Batel et al.
2018). This shows that adherence rather than ingestion led to
the accumulation of microplastics and associated toxicity
(Batel et al. 2018). Furthermore, it is suggested that freshwa-
ter species suffer a higher risk, as the presence of salts in the
water decrease the tendency of some chemicals to be sorbed
onto plastic surfaces (Llorca et al. 2018).

Koelmans et al. (2016) suggested that microplastics
ingestion by marine biota does not increase their exposure to
hydrophobic organic compounds but could have a “cleaning
effect”, i.e., adsorption of bioaccumulated POPs onto micro-
plastics, while being ingested. This theoretical explanation is
supported by Rehse et al. (2018), who concluded that the
presence of ingested microplastic particles can actually
reduce the effects of BPA from surrounding water in fresh-
water zooplankton by a decreased body burden of the envi-
ronmental pollutant. Kleinteich et al. (2018) found a similar
result where a lower bioavailability of PAHs was found when
they were sorbed to microplastics. As virgin particles not
loaded with POPs did not cause any observable physical
harm in zebrafish and clams (Batel et al. 2016; O’Donovan
et al. 2018), there is evidence that chemical contamination is
the key to understanding the exact impact of microplastic on
marine biota (Hermabessiere et al. 2017).

Another line of evidence suggests that the combined
effect of microplastics and sorbed contaminants altered
organs homeostasis in a greater manner than the contami-
nants alone (Rainieri et al. 2018). This can only be further
evaluated with controlled laboratory exposures to facilitate
monitoring of the uptake, movement, and distribution of
chemical compounds in whole organisms and excised tissues
such as gills, intestinal tract, and liver (Lusher et al. 2017).
Yet, little is known about the effects and influence of
microplastic-associated toxins on the functionality of an
organisms’ body, and consequently associated altered eco-
system function (Table 1).

6.5.2 Microplastics as a Vector for Pathogens

A variety of biotic and abiotic particles can serve as vectors
for pathogens, yet due to the persistence of plastic in the
marine environment, microplastics are likely to travel farther
and for longer periods of time than other types of foulable
particles (Dobretsov 2010; Harrison et al. 2014).
Contaminated microplastics within the marine environment
may be transported between ocean basins and may contrib-
ute to the transfer of contaminants between ecosystems
(Zarfl and Matthies 2010). This transfer is not limited to
chemical contaminants, but also includes the transport of
microbial communities consisting of “epiplastic” diatoms,
coccolithophores, bryozoans, barnacles, dinoflagellates,
invertebrate eggs, cyanobacteria, fungi, and bacteria (Zettler
et al. 2013; Reisser et al. 2014; De Tender et al. 2015; Eich
et al. 2015; Quero and Luna 2017). Bacterial communities
associated with microplastics can potentially modify pres-
ently unpolluted habitats (Kleinteich et al. 2018).
Microplastics can serve as a substrate for microbiota as
they offer a surface, the so-called plastisphere for attachment
and settlement (Zettler et al. 2013). Microplastics can thus
become a vector for non-ciliate pathogens, such as viruses
(Maso et al. 2003; Pham et al. 2012) and pathogenic bacteria
(Virsek et al. 2017). Studies in temperate and coral reef envi-
ronments have investigated how pathogens on microplastic
may trigger disease outbreaks in organisms. For example,
Lamb et al. (2018) found that the likelihood of disease in
corals increases from 4% to 89% when they are in contact
with plastic, and, Goldstein et al. (2014) reported the trans-
mission of the coral pathogen Halofolliculina spp. on plastic
debris. Polypropylene marine debris is dominated by the
genus Vibrio (Zettler et al. 2013), which are opportunistic
pathogenic bacteria that can cause coral disease (Bourne
et al. 2015). The microbial biofilm on microplastics, i.e.,
ecocorona (Lynch et al. 2014) can not only transport patho-
gens but influence the physical properties of the particle
itself. A thick ecocorona reduces the ultraviolet (UV) light,
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reaching the surface of polyethylene particles by 90%
(O’Brine and Thompson 2010) and makes the particle more
hydrophilic (Lobelle and Cunliffe 2011). This increases a
particle’s sinking velocity (Li and Yuan 2002), which may
influence their bioavailability by exposing organisms in
other parts of the marine environment to microplastics and
associated chemicals (Bréte et al. 2018).

Microplastic biofilms appear distinct compared to those
on other marine substrata and are shaped by spatial and sea-
sonal factors (Oberbeckmann et al. 2015). Foulon et al.
(2016) summarize that the colonization of microplastics by
the oyster-infecting Vibrio crassostrea is enhanced when the
microplastic was already coated by a layer of primary marine
aggregates. These secondary colonizers show a chemical
attraction to the particle surface indicating a layering of colo-
nizers in the ecocorona (Galloway et al. 2017).

These “camouflaged” plastic particles can be ingested by
organisms such as zooplankton (Eich et al. 2015; Vroom
et al. 2017) and even larger organisms. Some laboratory
experiments concluded that bioavailability of plastics seems
to be enhanced by particles that have been exposed to natural
seawater for some time (Brate et al. 2018). Yet, Allen et al.
(2017) suggest that plastic contains phagostimulants that
promote ingestion by corals. Interestingly, corals ingested
more virgin plastic than plastics covered in microbial bio-
film. Both lines of evidence highlight the likelihood of
microplastic being ingested by different organisms for dif-
ferent reasons which needs to be better understood in a future
with likely increasing amounts of microplastics in the ocean
(Harrison et al. 2011; Allen et al. 2017).

Microorganisms in coastal sediments represent a key cat-
egory of life with reference to understanding and mitigating
the potential effects of microplastics, due to their role as
drivers of the global functioning of the marine biosphere
(Harrison et al. 2011). This is of particular interest with
regards to their ability to biodegrade plastic-associated addi-
tives, contaminants, or even the plastics themselves (Harrison
etal. 2011).

6.6 Trophic Cascade

It has been hypothesized that microplastics transfer within
the marine food web from prey to predator (Fig. 6.2). The
real extent to which trophic transfer occurs in the wild, how-
ever, remains largely unknown, although, laboratory studies
have tried to investigate this (Nobre et al. 2015; Setéld et al.
2016). These studies demonstrated trophic transfer for low
trophic level food chains, such as Artemia sp., crabs and fish
(Murray and Cowie 2011; Farrell and Nelson 2013; Setild
et al. 2014; Watts et al. 2014; Batel et al. 2016). Observations
of whole prey demonstrate trophic transfer from sand eels
(Ammodytes tobianus) to plaice (Pleuronectes plastessa) in

the wild. The lack of significant difference in microplastic
abundance between predator and prey however suggests that
microplastic is not retained by P. platessa (Welden et al.
2018). The likelihood of secondary ingestion is limited, as
retention times and transit of particles through the gut of a
prey organism can be relatively fast.

Interestingly, transfer of microplastics can occur from
prey to predators, without evidences of microplastics persist-
ing in their tissues after 10 days of exposure (Santana et al.
2017). Higher concentrations of microplastics were found in
a predatory shellfish from the Persian Gulf, which lead the
authors to suggest trophic transfer of microplastics in the
food web without quantification in the prey (Naji et al. 2018).
Seabird fecal pellets contained a similar composition of
fibers to those which were identified in their macroinverte-
brate prey which suggests that trophic transfer may be occur-
ring (Lourenco et al. 2017). All predatory marine organisms
are susceptible to ingest microplastic through their prey.
Toothed marine mammals may be more likely to experience
trophic transfer as primary route of microplastic ingestion
than through direct intake (Lusher et al. 2016, Hocking et al.
2017). Feces of grey, harbor and fur seals or regurgitated ful-
mar remains of skuas suggest trophic transfer as these spe-
cies are known to ingest whole prey (Eriksson and Burton
2003; Rebolledo et al. 2013; Hammer et al. 2016, Nelms
et al. 2018). The contamination of microplastics appears to
be transported into the deep ocean, not only by the change in
density by fouling (Sect. 6.5.2) but through sinking of animal
carcasses where it becomes available for scavengers (Clark
et al. 2016).

A study by Mattsson et al. (2017) describes how plastic
nanoparticles are transferred up through a freshwater algae-
daphnia-fish food chain and enter the brain of the top con-
sumer. The damaging effect on the brain leads to a disruption
of the fish’s natural behavior. In contrast, marine Kreffts’s
frill gobies (Bathygobius kreffti) (Tosetto et al. 2017) and an
indo-pacific planktivore (Acanthochromis polyacanthus)
(Critchell and Hoogenboom 2018) did not show altered
behavior. Studies investigating animal’s behavior are of
extreme importance to draw conclusions about potential
effects on ecosystem function. There are many relevant spe-
cies for ecosystem function that need scientific attention
(Rochman 2016; Wieczorek et al. 2018), such as different
functional groups of fishes (Vendel et al. 2017).

An outdoor mesocosm experiment in sediment cores eval-
uated the potential effect of microplastics on the functioning
of an ecosystem by quantifying the filtration rates of
European flat oysters (Ostrea edulis) and blue mussels
(Mytilus edulis) and the entire sedimentary community
(Green et al. 2017). Filtration rates significantly decreased in
M. edulis but increased in O. edulis when exposed to micro-
plastics, affecting porewater ammonium. A decrease in bio-
mass of benthic cyanobacteria and polychaetes emphasized
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the potential of microplastics to impact the functioning and
structure of the sediment environment. Here, not only tro-
phic transfer but the simultaneous effect of microplastic on
the function biota in an ecosystem was stressed.

If trophic transfer occurs in the wild, this may also be a
route for the transfer of any associated chemicals on the plas-
tics. For example, laboratory experiments on simple artificial
food chains, such as with nauplii and zebrafish, have esti-
mated that a transfer of associated POPs occurs (Zhu et al.
2010). Bioaccumulation and biomagnification of chemical
contaminants, such as PCBs and organochlorine pesticides
(OCPs), are known to occur at higher trophic levels, particu-
larly affecting marine top predators (Tsygankov et al. 2015;
Jepson et al. 2016). Whether or not this chemical accumula-
tion is connected to plastic-associated leaching remains
unknown. It has been shown, however, that microplastic-
associated chemicals can cause toxicity not only in marine
animals (Choy and Drazen 2013; Rochman et al. 2015;
Rummel et al. 2016; Karami et al. 2018) but also in humans
(Hecht et al. 2010).

6.7 Microplastics and Human Health

Concerns of marine organism-derived microplastic and
human health were extensively reviewed when microplastics
began emerging as a potential threat to ecosystems
(Thompson et al. 2009b; Talsness et al. 2009). Microplastic-
induced toxicity and the evaluation of consequences for
human health have been the focus of current literature (Revel
et al. 2018). These concerns are magnified due to the pres-
ence of microplastic particles in food items worldwide.
Research into the abundance of plastics in food has focused
on seafood caught or cultured for human consumption (Van
Cauwenberghe and Janssen 2014; Rochman et al. 2015; Naji
et al. 2018). In dried fish the eviscerated flesh contained
higher microplastic loads than the excised organs, which
highlights that removing the digestive tract does not elimi-
nate the risk of microplastic intake by consumers (Karami
et al. 2017). When consuming an average portion of filter
feeders like mussels, consumers can ingest up to 90 micro-
plastic particles (Lusher et al. 2017). It was estimated that a
European shellfish consumer annually ingests between 1800
and 11,000 microplastics (Van Cauwenberghe and Janssen
2014), with the potential for increased concentrations in
farmed shellfish (Murphy 2018). Still, studies conclude that
the low prevalence of often inert microplastics might indi-
cate limited health risks as suggested by investigations of
microplastic loads in canned fish (Karami et al. 2018).
Particle uptake in the human body depends on the particle’s
size, surface charge and functionalization, hydrophobicity,
and protein corona (Wright and Kelly 2017). The uptake of

inert particles across the gut has been widely studied
(O’Hagan 1996). Nanopolymers can be taken up across the
gut into the circulation and be redistributed to the liver and
spleen (Galloway 2015). In theory, all organs may be at risk
following chronic exposure to nanopolymers. This includes
the brain, testis, and reproductive organs, prior to their even-
tual excretion in urine and feces as evidenced in recent labo-
ratory studies in invertebrates and fish (Jani et al. 1996;
Garrett et al. 2012).

In fact, recent media has featured research on microplas-
tics in other non-aquatic consumables such as bottled water,
sugar, salt, beer, and honey (see EFSA 2016; Karami et al.
2017; Schymanski et al. 2017; Rist et al. 2018). Carbery
et al. (2018) reviewed that there is no robust evidence for the
transfer of microplastics and associated contaminants from
seafood to humans and the implications for human health.
Microplastic uptake through seafood consumption may be
minimal when compared to other routes of human exposure,
for example, fibers settling on consumables, or dust in the
household (Catarino et al. 2018). Food items packaged in
plastic may lead daily exposure to different plastic-associated
chemicals up to 250 pg kg! body weight (EFSA 2011;
Muncke 2011). Rist et al. (2018) describe that according to a
comparison of two studies, exposure to microplastic inges-
tion from packaging is higher to a magnitude of 40 million
compared to the exposure from shellfish. Prata (2018) sum-
marized diseases originating from airborne microplastics
and the consequences to human health; a person’s lungs
could be exposed to between 26 and 130 airborne microplas-
tics per day. The continuous daily interaction with plastic
items already leads to the presence of plastic and associated
chemicals in the human body (Galloway 2015). Plastic addi-
tives, such as BPA, are a risk factor to human health
(Srivastava and Godara 2017). Lithner et al. (2011) con-
ducted a comprehensive ranking of plastic polymers, identi-
fying physical, environmental, and health risks. The
quantification of plastic particles in food is suggested to be
included as one of the components of food safety manage-
ment systems (Karami et al. 2018).

Given the long-term persistence of plastics within exten-
sive variety of polymer types and additive composition, more
research is required to adequately assess the risks that accu-
mulation of micro- and nanoplastics in the body may pose
and the true potential to induce pathology (Galloway 2015;
Prata 2018). Furthermore, exposure to nanoplastics cannot
be precisely estimated yet due to a lack of technological
means (EFSA 2016). Despite the focus on human health
being a major driving force to increase the investigation of
marine biota and plastic interactions because of the eco-
nomic value of marine protein, the diminished ecosystem
service that some species might provide for humans should
be highlighted.
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6.8 Research Gaps and Future Work

In spite of almost a decade of research, microplastic research
is still in its infancy, and it is still very difficult to estimate the
cumulative risks of chronic exposure to plastics and their
additives. This is due to the limited information available
about rates of degradation and fragmentation, leaching of
chemicals into environmental matrices, and entry into the
food chain (Hermabessiere et al. 2017). Additionally, bio-
logical responses of microplastic on the molecular level are
difficult to interpret, as the particles’ chemical structure is
complex and versatile. It can be concluded that current plas-
tic use is not sustainable (Thompson et al. 2009a), which
calls for an immediate change in plastic production, con-
sumption, and human behavior, to reduce the amount of
microplastics present in the environment. Mendenhall (2018)
highlights the large-scale impacts of plastic debris on eco-
system function as a major knowledge-gap.

Although the informative review by Anbumani and
Kakkar (2018) summarized different “ecological impacts” of
microplastics on aquatic biota and the potential for ecologi-
cal niche imbalance, an organism’s role in ecosystem func-
tion is not discussed. Auta et al. (2017) also elaborate on the
effects and fate of microplastic ingested by biota and suggest
remedies such as microbial activity against microplastic con-
tamination in the environment. Galloway et al. (2017)
reviewed current literature and considered microplastic
debris to become a planetary boundary threat through its
effects on crucial processes exhibited by biota. Chae and An
(2017) discuss different global concentrations in freshwater
and marine environments, as well as the intrinsic and com-
plex toxicological effects on biota. It is mentioned that
research studying effects on generational and ecological
effects is important, but no specific references are given.

There is a possibility that organisms may adapt to cer-
tain conditions, especially when they are exposed to low
concentrations of contaminants for a longer period of time
(Sureda et al. 2006). One could even propose that animals
will evolutionarily adapt to microplastic concentrations in
the environment, which in the future would not affect their
fitness. Such suggestion could only apply to the organisms
in water column or water surface habitats where the micro-
plastic concentration is mostly stable. Organisms in the
sediment or in the intertidal may however be exposed to an
ever-increasing microplastic concentration in the near
future (Lobelle and Cuncliffe 2011; Green et al. 2017). It
is, therefore, critical to continuously evaluate removal rates
from the water column towards the sediment or deep sea, as
intended by analytical model approaches (Koelmans et al.
2017b). Reduced functionality is correlated to the disap-
pearance of animals (Lusher et al. 2017). If biological pro-
cesses at the base of ecosystems are altered because of the

presence of microplastics, biologically mediated disruption
to the long-term storage of carbon could occur (Villarrubia-
Goémez et al. 2017). Despite attempts to model whether
microplastics can affect the overall productivity of a marine
ecosystem, no clear conclusion can be drawn yet (Troost
et al. 2018).

Upon reviewing 222 journal articles, 9 book chapters, two
reports, two dissertations and one exhibition, the following 9
research foci need to be especially considered in the future:

1. Laboratory studies should focus on experiments with
environmentally relevant quantities and sizes of
microplastic and contaminants to estimate actual impacts.
Therefore, for instance, studies should include plastic
particles, fouled in natural seawater to estimate the role of
fouling and/or investigate the degree of chemical contam-
ination from a certain area in the sea in the laboratory.

2. Studies suggest that toxicity of virgin microplastics,
spiked microplastics, additives, or contaminants affect the
organisms differently (Karami 2017). Further studies are
needed to elucidate and distinguish these effects on dif-
ferent organisms and with regards to varying availability
of plastic debris and POPs in different ecosystems.

3. Usually the digestive system is investigated for micro-
plastic presence and their effects. Other tissues such as
muscle tissue and fat (blubber) should be collected and
analyzed for the presence of microplastic tracers and fur-
ther compared to stomach analysis results (Tanaka et al.
2013; Lusher et al. 2015).

4. More studies on the base of the food chain and the subcel-
lular level are necessary to conclude effects on the indi-
vidual or population level. For this, we suggest
microbiome studies and genetic tools.

5. Limited studies relate the effect on the ecological func-
tion of marine organisms after being influenced by micro-
plastics and associated contaminants (Mattsson et al.
2017) (Table 1). Different feeding strategies need to be
considered.

6. More research is needed to understand the potential
impact of micro- and nanoplastics on primary production
and food web interactions.

7. There is a necessity to develop techniques to identify bac-
terial communities on microplastics.

8. A special focus should be put on freshwater species as
they may be at higher risk of some chemicals to be sorbed
onto plastic surfaces (Llorca et al. 2018).

9. Many indigestible materials apart from plastic, such as
wood, metal, glass and building materials, that are found
in the nature that need to be considered. Therefore, other
natural and anthropogenic materials should be considered
as a comparison, when analyzing the effects of
microplastics.
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6.9 Summary

Along with ever-increasing plastic production, the amount of
plastic waste that enters the oceans is also on the rise. The
breakdown of larger debris into microplastic pieces is of high
scientific concern as it can become bioavailable. In recent
years, aquatic flora and fauna have been found to be affected
in different ways when coming into contact with microplas-
tics. This review summarizes that microplastics can attach or
get physically ingested by almost all aquatic taxa or affect
biota via leachates or pathogens from the microplastic sur-
face. Some studies highlighted that under environmentally
relevant levels, microplastic may not necessarily pose risks
to the organisms, as particles are often inert. However, other
lines of evidence found adverse physiological effects of
microplastic in organisms, either through tissue damage,
through cellular uptake, or through chemical contamination
of leachates from the microplastics. In addition, microplas-
tics can be a vector of pathogens into the tissue of organisms.
Often, these effects do not cause death but a sublethal altera-
tion of body functions. The consequences result in reduced
primary productivity, compromised energy allocation,
reduced growth, changed feeding efficiency, or altered pred-
atory performance. Combined with other environmental
stressors, this can lead to alterations of the ecological func-
tion of a species in the ecosystem. Only 4% of studies
reviewed here investigated how reduced physiological pro-
cesses, caused by microplastic, are linked with the ecological
role, an organism and its population play. There is a general
consensus that both the microplastic size and their concen-
tration is critical to understand the impact on an organism.
This review emphasized the importance that decreasing par-
ticle size and chemical contamination can affect organisms
to the extent that critical body functions are impaired. This,
in turn, can influence the functional role the organism fulfills
in the ecosystem. Since microplastic is bioavailable to the
smallest of organisms, secondary ingestion can occur, which
may be channeled through the food web. Particular concern
arises when microplastic is found in species for human con-
sumption. Nevertheless, we argue that the uptake of plastic
and plastic-associated chemicals occurs more through every-
day sources in the urban environment, rather than seafood
consumption and highlight the need to investigate the impor-
tance of impacted ecological functionality of species regard-
ing ecosystem services for humans.

This review summarized cutting-edge research to under-
stand some hazard potentials for different species and
research gaps that still need to be examined. This particular
field of science is necessary as reliable risk assessments are
crucial, contributing to current environmental and societal
discussions, and future perspectives concerning microplastic
pollution. The focus should be set on the elucidation of

microscopic impacts of plastics on biota for the sake of
understanding the impact these small particles can have on
populations and functionality of an entire ecosystem that
needs to be protected.
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Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 7: “Submerged in Plastic: impacts of plastic pollu-
tion on marine biota”. The original Call for Abstracts and the
abstracts of the presentations within this session can be
found in the Appendix “Conference Sessions and Abstracts”,
Chapter “6 Submerged in Plastic: Impacts of Plastic Pollution
on Marine Biota”, of this book.
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Abstract

Echinoderms are a source of a broad range of secondary
metabolites with a large variety of bioactive properties.
Although pigment and lipid derivatives are the major groups
of bioactive compounds found in crinoids and ophiuroids,
saponins represent the most abundant and diverse marine
natural products (MNPs) in the phylum Echinodermata.
This review is for researchers that are interested in MNPs
derived from echinoderms, but with a particular focus on the
structural diversity and biological function of saponins.
Among the echinoderms, these steroidal compounds are
mostly known for and structurally most diverse within sea
cucumbers. Through compilation of extensive tables, this
review provides a reference book, summarizing not only the
major chemical classes of well-known secondary metabo-
lites in the phylum Echinodermata but also further focusing
on the presence of bioactive saponins in echinoderms in
general and within different sea cucumber species in par-
ticular. The final compilation aims to correlate the vast
structural diversity of saponins with known biological func-
tions. The here presented data revealed that holothurians,
holotoxins, cucumariosides, and echinosids are not only the
most abundant saponin compounds in various genera of sea
cucumbers but that these saponins can also be used as poten-
tial chemotaxonomic markers for different sea cucumber
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species. By studying the structure-function relationships of
triterpene glycosides in echinoderms in general, or in par-
ticular within holothurians, the vast structural diversity,
taxonomic distribution, and bioactivity of the molecules can
be deciphered, which provides an opportunity to focus
future research efforts on target species that contain MNPs
with novel pharmacological activities.

Keywords

Secondary metabolites - Chemical diversity - Taxonomic
markers - Structure-function analysis - Saponins -
Echinoderms - Sea cucumber

7.1 Marine Natural Products (MNPs)
Compared to synthesized organic compounds, natural products
(NPs) have long been used as efficient and often less harmful
sources of drug molecules (Molinski et al. 2009). NPs refer to
both primary and secondary metabolites; however, in the past,
research on secondary metabolites mostly described ecological
interactions of organisms with their environment, the pro-
nounced biological and pharmacological activities, their great
chemical diversity, and their higher tendency to interact with
other biologically relevant molecules (Croteau et al. 2000).
The marine environment came into the focus of NPs right
after technologies for studying marine ecosystems improved.
Since the early 1900s, the idea of utilizing marine ecosystems
as the potentially largest source for marine natural products
(hereafter MNPs) was shaped. Although research on MNPs
dates back more than 50 years and more than 32,000 studies
related to MNPs have been published (MarineL.it; http://pubs.
rsc.org/marinlit/), only a few marine-derived compounds
resulted in clinical trials (Mayer et al. 2017). That is, from 52
marine invertebrate-derived compounds that reached clinical
trials, only seven compounds, isolated from sponges,
mollusks, tunicates, and their associated bacteria, have so far
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been approved. Unfortunately, 45 of the total 52 MNPs have
been discontinued from clinical trials (Fig. 7.1) due to low
production yields and/or high costs.

In this review, we provide an overview on the MNPs
reported from echinoderms with an emphasis on MNPs (i.e.,
particularly triterpene glycosides) reported from shallow water
sea cucumbers. While there is extensive literature on the chem-
istry of MINPs from sessile marine organisms such as sponges,
ascidians, and corals, MNP data on slow-moving invertebrates
such as echinoderms are much more limited. Up to now, more
than 7,000 living echinoderms species, divided into three sub-
phyla and five different classes, have been described (Fig. 7.2).
The evolutionary divergence of echinoderms with chordates
rather than invertebrates makes their biochemistry and physiol-
ogy rather similar with vertebrates. They can synthesize verte-
brate-type steroids, which regulate their reproductive, growth,
and developmental processes (Schoenmakers 1979). Therefore,
it can be hypothesized that echinoderms can be promising sub-
stitution candidates of the synthetic compounds for producing
efficient secondary metabolites helpful for human health.
Although several defense mechanisms such as presence of
spine, cuvierian tubules (CTs), evisceration, toxic secretion,
and unpalatability are generally described for echinoderms and
particularly for holothurians, they do not have a significant
escape behavior and therefore likely depend on chemical
defense strategies, such as triterpene glycosides, to protect
themselves against predators (Iyengar and Harvell 2001;
Bahrami et al. 2016). Saponins represent a diverse group of

triterpene glycosides that have been mainly described from
plants and are also one of the major secondary metabolite
classes in Echinodermata including holothurians. Saponins are
promising MNPs with the capacity to influence physiological
and immunological processes and thus have been implicated as
bioactive compounds in many ecological studies (Kalinin et al.
1996; Francis et al. 2002). In the following sections, we will
discuss in more detail the role of saponins and other bioactive
compounds in echinoderms in general, however, with a major
focus on sea cucumbers.

7.2  MNPs in Echinoderms

From 28,609 MNPs that have been reported until 2016, more
than 35% of the total compounds were isolated from echino-
derms. However, the reported chemical diversity of MNPs
from echinoderms, compared to other phyla, was not high
(Blunt et al. 2018).

Typical reported MNPs derived from echinoderms are sul-
fated compounds that can be largely classified into two major
groups: aromatics and saponins. Among the five classes of echi-
noderms (Fig. 7.2), aromatic sulfated compounds have only been
reported in crinoids and ophiuroids as pigments derived from
anthraquinones or naphthoquinones, whereas most of the sapo-
nins have been isolated from asteroids, echinoids, and holothu-
roids (Kornprobst et al. 1998) (Tables 7.1 and 7.2). Among
various types of secondary metabolites that have been isolated

a: 1950s-2010 b: 2010-2018
Echinoderms Echinoderms B Approved
Worms Worms M Phase Il
Bryozoa Bryozoa Phase Il
Soft corals Soft corals
i M Phase |
Tunicates Tunicates
Mollusks Mollusks | — s —
Sponges Sponges
Fungi Fungi
Bacteria Bacteria E——
0 3 6 9 12 15 0 3 6 9 12 15
Number of MNP Number of MNP

Fig.7.1 Overview of marine organisms from which MNPs entered the pharmaceutical pipeline (a) from 1950s to 2010 and (b) from 2010 to 2018.
(Compiled with data from Mayer and Hamann 2002; Mayer et al. 2017; http://marinepharmacology.midwestern.edu)

Fig. 7.2 Phylogenetic tree
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Table 7.1 Classes of echinoderms, major classes of secondary metabolites, examples of compounds, their bioactivity, and example species for
which the compounds have been reported

Major classes of Examples of bioactive
secondary metabolites | compounds Biological activity Example of organisms | References
Crinoids: Lipids, Polyketides Rhodoptilometrin, Antipredatory *Comanthus bennetti | Rideout et al.
pigments, polyketides crinemodin (1979)
Lipids Ganglioside, n.d. *Comanthina Inagaki et al.
cerebrosides schlegelii (2007)
Naphthopyrones Naphthopyrones Anti-inflammatory Comanthus Karin et al.
comaparvin parvicirrus (2004), Folmer
et al. (2009),
Chovolou et al.
(2011), and Chen
et al. (2014)
Anthraquinoid Gymnochrome D Antiviral *Gymnocrinus Laille et al.
pigments richeri (1998)
Asteroids: Steroidal Lipids Hexadecanoic acid Antifouling Linckia laevigata Guenther et al.
derivatives of (2009)
cholesterol, fatty
acids, ceramides, and
few alkaloids and
proteins
Lipids Sphingolipids n.d. Ophidiaster Jin et al. (1994)
ophidianus
Asterosaponins Thornasteroside A Antitumor Asteropsis carinifera | Malyarenko et al.
(2012)
Fatty acids Eicosanoic acid n.d. Culcita Bruno et al.
novaeguineae (1992) and
Inagaki (2008)
Protein Ciguatoxins n.d. Marthasterias Silva et al. (2015)
glacialis
Polyhydroxysteroids | Laeviusculosides Hemolytic, cytotoxic Henricia leviuscula | Ivanchina et al.
activity (2006) and
Fedorov et al.
(2008)
Ophiuroids: Steroidal glycosides Steroidal glycosides | Antiviral Ophiarachna D’Auria et al.
Carotenoids, incrassata (1993)
gangliosides, Steroidal compound | Polyhydroxysterols | Antiviral Astrotoma agassizii | Comin et al.
brominated indoles, (1999)
phenyl propanoids, | Terpene 2,3-Dimethyl Antitumor Ophiomastix mixta | Lee et al. (2007)
terpenes, steroids butenolide
Carotenoid Ophioxanthin Antioxidant Ophioderma D’Auria et al.
longicauda (1985)
Echinoids: Protein, Naphthoquinoid Echinochrome A Antioxidant, *Anthocidaris Berdyshev et al.
polysaccharides, lipid, | pigment antimicrobial, crassispina (2007) and Jeong
pigments anti-inflammatory, etal. (2014)
antitoxic agents
Peptides Strongylostatin Anticancer Strongylocentrotus Pettit et al. (1981)
droebachiensis
Strongylocins Antimicrobial Strongylocentrotus Li et al. (2008)
droebachiensis
Polysaccharide Sulfated fucan Anticoagulant Lytechinus Pereira et al.
variegatus (1999)
Steroidal compounds | n.d. Anticancer Diadema savignyi Thao et al.
(2015a)
Ganglioside DSG-A Neuritogenic Diadema setosum Yamada et al.
(2008)

(continued)



124

E. Kamyab et al.

Table 7.1 (continued)

Major classes of

Examples of bioactive

secondary metabolites | compounds Biological activity Example of organisms | References
Holothuroids: Triterpene glycoside | Holothurins (A-B) Antifungal, anticancer, | Holothuria atra, Yamanouchi
Triterpene glycosides, ichthyotoxic Holothuria (1955),
peptides, fuscocinerea Kobayashi et al.
polysaccharides, (1991), Popov
lipids et al. (1994), and
Zhang et al.
(2006d)
Triterpene glycoside | Echinoside A Antifungal Actinopyga echinites | Kitagawa et al.
(1985)
Triterpene glycoside | Holotoxin A—F Anticancer, antifungal, | Apostichopus Kitagawa et al.
antiprotozoa Jjaponicus (1976), Anisimov
et al. (1983),
Maltsev et al.
(1985), and Wang
et al. (2012)
Triterpene glycosides | Holotoxin Antifungal S. japonicus Yano et al. (2013)
Polysaccharides Glucosamine, Antihyperlipidemic, A. japonicus Liu et al. (2012)
Galactosamine antioxidant
Sulfated FucCS, GAGs Anticoagulant, Ludwigothurea Mourio et al.
polysaccharides antithrombin, grisea (1998), Borsig
antiparasitic et al. (2007), and
Marques et al.
(2016)
Sulfated FucCS Anticoagulant, Thelenota ananas, Borsig et al.
polysaccharides antithrombin, Cucumaria frondosa | (2007), Huang
antihyperglycemic, etal. (2013), and
antiviral, Hu et al. (2014a)
insulin-sensitizing
Sulfated FucCS Anticoagulant, Isostichopus Marques et al.
polysaccharides antiparasitic badionotus (2016)
Sulfated GAGs Antihyperlipidemic *Metriatyla scabra Liu et al. (2002)
polysaccharides
Fatty acid EPA-enriched PL, Antioxidant, C. frondosa, Yang et al.
12-MTA, ODAs antihyperglycemic, Stichopus japonicus | (2003), Nguyen
anticancer, etal. 2011, Hu
antihyperlipidemic et al. (2014b), Wu
etal. (2014), and
Ku et al. (2015)
Lipid Cerebrosides, Anticancer, *Stichopus Sugawara et al.
galactocerebrosides, | antihyperlipidemic variegatus, Acaudina | (2006), Ikeda
AMC-2 molpadioides, et al. (2009),
Bohadschia argus Zhang et al.
(2012), and Du
et al. (2015)
Sphingolipid Cerebroside Antioxidant S. japonicus, Duan et al. (2016)
Acaudina and Xu et al.
molpadioides (2011)
Lysophospholipid LPC, L-PAF Anti-inflammatory Holothuria atra Nishikawa et al.
(2015)
Peptide Phenoloxidase, Antimicrobial C. frondosa Beauregard et al.
lysozyme (2001)
Peptide ACE inhibitory Antihypertension Acaudina Zhao et al. (2009)
peptide molpadioides
Peptide T-antigen-binding Antibacterial Holothuria scabra Gowda et al.
lectin (2008)

Phenolic compounds

n.d.

Anti-inflammatory

S. japonicus

Song et al. (2016)

(continued)
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Table 7.1 (continued)

Major classes of Examples of bioactive
secondary metabolites | compounds Biological activity Example of organisms | References
Phenolic compounds | (Z)2,3-DPAN Anticancer Holothuria parva Amidi et al.
(2017)
Pigments Carotenoids Antioxidant Holothuria atra Esmat et al.
(2013)
Pigments f-carotene, Antioxidant Plesiocolochirus Maoka et al.
echinenone, minaeus (2015)
canthaxanthin, etc.
Sulfated alkene 2,6-DMHS, OS, DS Antibacterial, A. japonicus Laetal. (2012)
antifungal
Mucopolysaccharide | SJAMP Antitumor, S. japonicus Song et al. (2013)
immunomodulatory
effect
Glycolipid/ 2,6-DMHS, OS, DS Anticancer A. japonicus Laetal. (2012)
Sphingolipid
Saponin Frondanol As Anticancer C. frondosa Janakiram et al.
(2010)and Jia
et al. (2016)
Saponin n.d. Antihyperlipidemic Pearsonothuria Hu et al. (2010)
graeffei and Wu et al.
(2015)
Monosulfated Cumaside Radioprotective Cucumaria japonica | Aminin et al.
triterpene glycosides (2011)

n.d. not defined, EPA-enriched PL eicosapentaenoic acid-enriched phospholipids, FucCS fucosylated chondroitin sulfate, GAGs glycosaminoglycan,
2,6-DMHS 2,6-dimethylheptyl sulfate, OS octyl sulfate, DS decyl sulfate, ACE angiotensin I-converting enzyme, LPC lysophosphatidylcholine,
L-PAF lyso-platelet activating factor, SCEA-F ethyl acetate solvent fraction of sea cucumber, EPA-enriched PC eicosapentaenoic acid-enriched
phosphatidylcholine lipids, /2-MTA 12-methyltetradecanoic acid, (Z)2,3-DPAN (Z)-2,3-diphenylacrylonitrile, SJAMP stichopus japonicus acid
mucopolysaccharide, ODAs 7(Z) octadecenoic acid, and 7(Z),10(Z)-octadecadienoic acid

*Based on WoRMS (2019), the accepted names changed from: Metriatyla scabra to Holothuria scabra; Comanthus bennetti to Anneissia bennetti;
Comanthina schlegelii to Comaster schlegelii; Gymnocrinus richeri to Neogymnocrinus richeri; Anthocidaris crassispina to Heliocidaris crassi-

spina; Stichopus variegatus to Stichopus horrens

from echinoderms, saponins are the most abundant. Compounds
were derived from mainly two classes (i.e., Asteroidea and
Holothuroidea) (Haug et al. 2002), which will be discussed in
more detail in Sect. 7.3.

7.2.1 Crinoids (Feather Stars and Sea Lilies)

The most primitive form of current echinoderms are the cri-
noids (Karleskint et al. 2010). Sea lilies are, unlike feather
stars, sessile and are found mainly in depths >100 m, whereas
feather stars inhabit coral reefs from the intertidal to the deep-
sea oceans. Moreover, feather stars are physically able to
escape from predators by crawling, swimming, or hiding
between corals or rocks (Ruppert et al. 2004; Karleskint et al.
2010). Furthermore, crinoids use other physical and chemical
defense mechanisms to protect them against fish predators.
For example, crinoids use spike-like pinnules as well as toxic
chemical compounds such as polyketide derivatives and oxi-
dized quinones that also give them their colorful appearance
(Kenta et al. 2015; Feng et al. 2017). According to WoRMS'

"World Register of Marine Species.

2017, although they consist of nearly 700 species worldwide,
until now only a few studies examined their bioactive com-
pounds. According to the MarinLit database (2018), only 25
marine species from 16 different genera of crinoids have so far
been screened for novel MNPs (Feng et al. 2017) (Table 7.1).

7.2.2 Asteroids (Sea Stars)

This class of echinoderms is, with over 1500 species, widely
distributed and thus plays important ecological roles.
Asteroids are opportunistic feeders, and species such as the
temperate Ochre sea star Pisaster ochraceus and the tropical
coral-eating crown of thorn sea star Acanthaster planci are
keystone species (Paine 1969). Asteroids are known to use
both physical and chemical defense mechanisms. Autotomy
(i.e., found in Evasterias troschelii and Pycnopodia helian-
thoides), spines, modified tube feet called “pedicellaria,”
camouflage, quick locomotion, and shedding have been
reported as physical defenses (Bryan et al. 1997; Candia
Carnevali and Bonasoro 2001). However, some species such
as the sea star Pteraster tesselatus rely to a great extent on
their mucus as chemical defense (Nance and Braithwaite
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Table 7.2 Steroidal compounds reported from echinoderms, except Holothuroids, and (if reported) their biological activities (Holothuroids see

Table 7.3)
Class Family Species Isolated compounds Biological activity References
Crinoids Hemicrinidea Neogymnocrinus | Several steroids n.d. De Riccardis et al.
richeri (1991)
Asteroids Asteriidae Asterias Thornasteroside A, versicosides n.d. Hwang et al. (2011,
amurensis A-C, and asteronylpentaglycoside 2014)

sulfate, anasteroside B

Crude saponin

Insecticide and
repellant activity

Park et al. (2009)

Asterosides A-D, glycoside B,
asterosaponins

n.d.

Riccio et al. (1988)

Asterosaponin-4 Cytotoxic Okano et al. (1985)
Asterosaponin A, A, Antitumor Ikegami et al. (1973)
Asterias vulgaris | 13 steroidal compounds n.d. Findlay and Agarwal
(1983)
Asterias forbesi Forbeside D n.d. Findlay and He (1991)

Forbesides A-B

Anti-inflammatory,
Antiviral

Findlay et al. (1987)

Forbesides C-E, E-E;, F-H, L n.d. Findlay et al. (1989),
Findlay and He (1991),
D’Auria et al. (1993),
and Jiang et al. (1993)
Forbeside H n.d. Findlay et al. (1992)
Asterias rubens Ruberosides A—F n.d. Sandvoss et al. (2000,
2003)
Asterias rathbuni | Rathbuniosides R,-R, Cytotoxic Prokof’eva et al.
(2003)
Anasterias Minutosides A, B Antifungal Chludil et al. (2002b)
minuta
Anasterosides A-B, versicoside A | Antifungal Chludil et al. (2002b)
Asterias Amurensoside, forbeside Zhang et al. (2013)
rollestoni
Aphelasterias Aphelasteroside F Inhibition of cell Popov et al. (2016)
Jjaponica proliferation
Ophidianoside F n.d. Ivanchina et al. (2005)
Aphelasteroside C (1), Hemolytic activity Ivanchina et al. (2000)
cheliferoside L, except compound (3)
(2),3-O-sulfoasterone (3),
forbeside E; (4), and
3-O-sulfothornasterol A (5)
aphelaketotriol (6)
Leptasterias Polyhydroxylated steroids Antibacterial, Levina et al. (2010)
hylodes hemolytic activity
Hylodoside A, novaeguinoside Y Hemolytic activity Levina et al. (2010)
Leptasterias Leptasteriosides A-F Anticancer Malyarenko et al.
ochotensis (2014)
Diplasterias Diplasteriosides A, B Anticancer Ivanchina et al. (2011)
brucei
Coscinasterias Tenuispinosides A—C, n.d. Riccio et al. (1986d)
tenuispina coscinasteroside A—F
Distolasterias Nipoglycosides A-D, versicoside | n.d. Minale et al. (1995)
nipon A, and thornasteroside A
Distolasterosides D;—D5 Neurogenic and Palyanova et al. (2013)
neuroprotective effect
Distolasterias Pycnopodioside C n.d. Andriyashchenko et al.
elegans (1996)
Lethasterias Lethasterioside A Anticancer Ivanchina et al. (2012)
fusca
Lysastrosoma Lysaketotriol and iysaketodiol Immunomodulatory Levina et al. (2009 )
anthosticta activities

(continued)
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Table 7.2 (continued)

Class Family Species Isolated compounds Biological activity References
Luridosides A, marthasterone, n.d. Levina et al. (2001)
marthasteroside, pyncopodioside C
Marthasterias Thornasteroside A, maculatoside n.d. Bruno et al. (1984) and
glacialis Ay, A,, B-C Minale et al. (1985 )
Oreasteridae Pentaceraster Pentacerosides A and B, Maculatoside: Vien et al. (2017)
gracilis maculatoside cytotoxic
“Anthenea Anthenoside A, E, G, H, 1,J, K Antitumor Ma et al. (2009a, 2010)
chinensis
Culcita Culcinosides A-D Cytotoxic Lu et al. (2018)
novaeguineae
Novaeguinosides LII, A-E, Antitumor Tang et al. (2005) and
regularoside B Ngoan et al. (2015)
Sodium (20R,24S)-6a-O-(4-O- Anticancer Ma et al. (2009b)
sodiumsulfato-f-d-
quinovopyranosyl)-5a-cholest-
9(11)-en-3p,24-diol 3-sulfate
Sodium (20R,24S)-6a-0O-[3-O- Anticancer Ma et al. (2009b)
methyl-p-d-quinovopyranosyl-
(1-2)-p-d-xylopyranosyl-(1—3)-
f3-d-glucopyranosyl]-5a-cholest-
9(11)-en-3p,24-diol 3-sulfate
Galactocerebroside n.d. Inagaki et al. (2006)
Polyhydroxylated steroids Antibacterial, Levina et al. (2010)
hemolytic activity
Hylodoside A, novaeguinoside Y Hemolytic activity Levina et al. (2010)
Culcitoside C,—C; Hemolytic activity, Prokof’eva et al.
cytotoxic (2003)
Culcitoside C,—Cy n.d. Kicha et al. (1985,
1986) and lorizzi et al.
(1991)
Regularosides A—-B, Cytotoxic Tang et al. (2006)
thornasteroside A, marthasteroside
A,
Asterosaponin 1, novaeguinosides | Antitumor Cheng et al. (2006) and
Tand II Tang et al. (2009)
Protoreaster Nodososide Anti-inflammatory, Riccio et al. (1982b)
nodosus cytotoxic and Thao et al. (2015b)
Ganglioside, galactocerebroside, n.d. Pan et al. (2010, 2012)
ganglioside PNG-2A and Kenta et al. (2015)
Three steroids n.d. Riccio et al. (1982b)
and Minale et al.
(1984b)
Protoreasteroside n.d. Riccio et al. (1985d)
Pentaceraster Protoreasteroside n.d. Riccio et al. (1985d)
alveolatus
Halityle Halityloside A-F, halityloside H n.d. lorizzi et al. (1986)
regularis
Regularosides A, B, n.d. Riccio et al. (1986¢)
thornasteroside A
Oreaster Sulfated glycosides analog of n.d. De Correa et al. (1985)
reticulatus nodososide
Reticulatosides A, B, n.d. Torizzi et al. (1995)
ophidianoside F
Choriaster Granulatosides A—E D-E: Pizza et al. (1985a) and
granulatus Immunomodulatory Ivanchina et al. (2017,
effect 2018)

(continued)
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Table 7.2 (continued)

Class Family Species Isolated compounds Biological activity References
Ophidiasteridae Hacelia Nodososide, attenuatosides A-I, n.d. Minale et al. (1983)
attenuata B-I, B-II, and C,
polyhydroxysteroids
Attenuatosides S-I-S-II1, S-D, n.d. Minale et al. (1984a)
thornasteroid
Ophidianosides B, C, F n.d. Riccio et al. (1985c¢)
Linckia laevigata | Thornasteroside A, n.d. Riccio et al. (1985b)
marthasteroside A;, ophidianoside
F, maculatoside, laevigatoside
Granulatoside A Neuritogenic activity Qi et al. (2006)
Nodososide n.d. Minale et al. (1984c¢)
Linckosides A—Q Neuritogenic activity Qi et al. (2002, 2004)
and Han et al. (2006,
2007a)
Linckosides L;—L;, echinasteroside | Neuritogenic activity, Kicha et al. (2007a, b,
C cytotoxic c)
Ophidiaster Ophidianoside B-F n.d. Riccio et al. (1985c¢)
ophidianus
Certonardoa Certonardoside A-J, halytoside D | Antiviral Wang et al. (2002)
semiregularis
Certonardoside K-N, culcitoside Cytotoxic, Wang et al. (2003)
Cs antibacterial
Certonardosterol Q,—Q;, B,—B,, Cytotoxic, antitumor Wang et al. (2004a, b)
Ay-Ay, D-Ds, H;, H, By, B3, Py,
O,
Certonardoside B,, B, P,, P,, O,, Cytotoxic, antitumor Wang et al. (2004a,
I, Js, 1, Is, Hy 2005)
Nardoa Halityloside A, B, D, E, H, I, n.d. Riccio et al. (1986b)
gomophia marthasteroside A;, thornasteroide
A, and 2 polyhydroxysteroids
Nardoa Halityloside A, B, D n.d. Riccio et al. (1986b)
novaecaledonia
Asterinidae Patiria Polyhydroxysteroids Cytotoxic. Peng et al. (2010)
pectinifera
Cucumarioside F,, F, Indicative of trophic Popov et al. (2014)
marker
Asterosaponin Py,P,, Asterosaponin P1: Kicha et al. (1983,
polyhydroxysteroids neurogenic and 2000, 2004) and
neuroprotective effect | Palyanova et al. (2013)
Pectinoside A Immunological Kawase et al. (2016)
activity
Asterina Pectiniosides A-J, Cytotoxic Dubois et al. (1988),
pectinifera acanthaglycciside C Honda et al. (1990),
Jiang and Schmidt
(1992), and Li et al.
(2013)
Asterina batheri | Astebatheriosides A-D Astebatheriosides Thao et al. (2013)
B-D:
anti-inflammatory
Patiria miniata Patiriosides A-G Antitumor Dubois et al. (1988),

and D’ Auria et al.
(1990)

(continued)
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Table 7.2 (continued)

Class Family Species Isolated compounds Biological activity References
Asteropectinidae Astropecten Astropectenols A, C, D Antiparasitic Thao et al. (2013,
polyacanthus 2014)
Astropecten Astrosteriosides A, D, C Anti-inflammatory, Thao et al. (2013,
monacanthus anticancer 2014) and Dai and Yu
(2015)
Craspidaster Asterosaponin n.d. Wen et al. (2004)
hesperus
Psilaster Psilasteroside Cytotoxic De Marino et al. (2003)
cassiope
Astropecten Latespinosides A-D Weak-cytotoxic Higuchi et al. (1996)
latespinosus
Echinasteridae Henricia Laevisculoside, laevisculoside Hemolytic activity Kalinovskii et al.
leviuscula A-J, H, sanguinosides A-B (2004), and Ivanchina
et al. (2006)
Laevisculoside G Anticancer Fedorov et al. (2008)
Sanguinoside C Cytotoxic Levina et al. (2003)
Henricia Laevisculoside, sanguinoside A-B | n.d. Kalinovskii et al.
sanguinolenta (2004)
Sanguinoside C Cytotoxic Levina et al. (2003)
Henricia Henricioside H,—Hj;, hexaol n.d. Ivanchina et al. (2004)
derjugini
Henricioside H;, levisculoside G Antifungal Kaluzhskiy et al.
(2017)
Henricia sp. Henriciosides H,—Hj; n.d. Kicha et al. (1993)
Henricia Asterosaponins Antibacterial, Palagiano et al. (1996)
downeyae antifungal, feeding
deterrent
Echinaster Brasilienoside, desulfated n.d. Torizzi et al. (1993)
brasiliensis dihydro-echinasteroside A,
echinasteroside B-G,
marthasteroside A,
Echinaster 22,23-epoxysteroidal (cyclic) n.d. Riccio et al. (1981),
sepositus glycosides and Minale et al.
(1997)
Amurasterol, asterosterol n.d. De Simone et al.
(1980)
Sepositoside A Cytotoxic De Simone et al.
(1981)
Echinasterosides A, B, B,, n.d. Zollo et al. (1985),
laeviusculosides C, I Levina et al. (1987),
and lorizzi et al. (1993)
Echinaster Sepositoside A, luzonicosides A, D | Cytotoxic, anticancer De Simone et al.
luzonicus (1981), Riccio et al.
(1982a), and
Malyarenko et al.
(2017)
Stichasteridae Neosmilaster Santiagoside n.d. Vazquez et al. (1992)
georgianus
Cosmasterias Cosmasterosides A—D, forbeside H | n.d. Roccatagliata et al.
lurida (1994)
Luridosides A-B n.d. Maier et al. (1993)
Asteropseidae Asteropsis Asteropsiside A, regularoside A, Antitumor Malyarenko et al.
carinifera and thornasteroside A (2012)
Cariniferosides A—F No cytotoxicity Malyarenko et al.
(2011)
Polyhydroxysteroids n.d. Malyarenko et al.
(2010)

(continued)
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Table 7.2 (continued)

Class Family Species Isolated compounds Biological activity References
Archasteridae Archaster typicus | Five steroids Anticancer Yang et al. (2011)
Archasterosides A—C Anticancer Kicha et al. (2010a, b)
Luidiidae Luidia maculata | Thornasteroside A, maculatosides | Anticancer Minale et al. (1985)
A-C, A,
Luidia quinaria | Thornasterol n.d. Andriyashchenko et al.
(1996)
Luidiaquinoside, psilasteroside Cytotoxic De Marino et al. (2003)
Acanthasteridae Acanthaster Thornasterols A and B Cytotoxic Kitagawa and
planci Kobayashi (1977,
1978)
Acanthaglycoside B-F, n.d. Itakura and Komori
marthasteroside A,, and (1986)
versicoside A—B
5-Deoxyisonodososide, Cytotoxic Pizza et al. (1985b)
isonodososide
Nodososide n.d. Minale et al. (1984c¢)
Goniopectinidae Goniopecten Goniopectenosides A—C Antifouling De Marino et al. (2000)
demonstrans
Hippasteria Hippasteriosides A-D Hippasterioside D: Kicha et al. (2011)
phrygiana anticancer
Phrygiasterol (1), phrygioside B (1,2): Anticancer Levina et al. (2004,
(2), borealoside C (3) 2005)
Goniasteridae Mediaster Mediasteroside M, Anticancer Prokof’eva et al. 2003
murrayi
Ceramaster Ceramasterosides C,—C 5 Cytotoxic Prokof’eva et al.
patagonicus (2003)
Heliasteridae Heliaster Helianthoside Cytotoxic Vazquez et al. 1993
helianthus
Labidiaster Labiasteroside A n.d. de Vivar et al. (1999)
annulatus
Solarestridae Solaster Solasteroside A, borealosides Cytotoxic Torizzi et al. (1992)
borealis A-D, amurenoside B
Zoroasteridae Myxoderma Myxodermoside A and 9 n.d. Finamore et al. (1991)
platyacanthum polyhydroxysteroids
Brisingidae Novodinia steroidal saponins: Sch 725737 Cytotoxic Yang et al. (2007)
antillensis and Sch 725739
Ophiuroids | Ophiocomidae ¢Ophiocoma Sulfated polyhydroxysterols Antiviral D’ Auria et al. (1993)
dentata
dOphiarthrum Sulfated polyhydroxysterols Antiviral D’Auria et al. (1987,
elegans 1993)
Ophiocoma n.d. Hemolytic activity Amini et al. (2014)
erinaceus
Ophiopholidae Ophiopholis Sulfated polyhydroxysterols Cytotoxic and Aminin et al. (1995)
aculeata hemolytic activity
Ophiomyxidae Ophiarachna Sulfated polyhydroxysterols Antiviral D’Auria et al. (1987,
incrassata 1993)
Hemieuryalidae Ophioplocus Sulfated steroids Antiviral Roccatagliata et al.
Jjanuarii (1996)
Gorgonocephalidea | Astrotoma Polyhydroxysterols Antiviral Comin et al. (1999)
agassizii
Ophiodermatidae Ophioderma Longicaudosides A-B n.d. Riccio et al. (1985a,
longicauda 1986a)
Echinoids | Diadematidae Diadema Steroidal compounds Anticancer Thao et al. (2015a)
savignyi
Toxopneustidae Tripneustes Epidioxysterol Cytotoxic Liuet al. (2011)
gratilla

“The accepted name changed from “Anthenea chinesis” to “Anthenea pentagonula”
"The accepted name changed from “Solaster borealis” to “Crossaster borealis”
“The accepted name changed from “Ophiocoma dentata” to “Breviturma dentata”
9The accepted name changed from “Ophiarthrum elegans’ to “Ophiomastix elegans”
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1979). Based on the hypothesis that saponins and saponin-
like compounds produce various sugars upon hydrolysis
(Fieser and Fieser 1956), Ward (1960) proposed that mucous-
like compounds secreted from Pteraster tessellates have a
saponin or saponin-like nature. Starfishes produce a wide
range of MNPs (Table 7.2), which are largely described as
lipid-like or lipid soluble molecules. Asteroids produce vari-
ous steroidal derivatives, fatty acids, ceramides, and few
alkaloids to either defend themselves or communicate
(Table 7.1). Some of the latter compounds have been reported
to possess pharmacological activities (Maier, 2008). After
sea cucumbers, this group of echinoderms has also been
reported to produce a large number of saponins, which have
been isolated from different organs (i.e., stomach, arm,
gonads, and digestive system) and possess various roles in
digestion (Garneau et al. 1989; Demeyer et al. 2014), repro-
duction (Mackie et al. 1977) and the defense against poten-
tial predators (Harvey et al. 1987). Assessing the isolated
steroidal glycosides from 1973 to 2016 revealed that most of
the MNP studies on sea stars had focused on the families

HO e

Ol
T
Ol
T

Ol

Asteroidea (26%), Echinasteridae (17%), Oreasteridae
(16%), and Ophidiasteridae (13%; Table 7.2 and references
therein).

The glycoside compounds of starfish are classified into
three main groups of steroidal glycosides: asterosaponin,
polyhydroxylated glycosides, and macrocyclic glycosides
(Kicha et al. 2001; Maier 2008; Demeyer et al. 2014).
Although steroidal glycosides are the characteristics of aster-
oids, triterpene glycosides have also been isolated from star-
fishes such as Asterias rollestoni (Zhan et al. 2006) and
Fatiria pectinifera (Popov et al. 2014). The isolated saponins
from A. rollestoni (rollentosides A—B) have a similar agly-
cone and carbohydrate moiety than those observed in some
sea cucumber species (Popov et al. 2014). Given the similar
structures of rollentoside B (Zhan et al. 2006) and cucumari-
oside A;s that have been extracted from the sea cucumber
Eupentacta fraudatrix (Silchenko et al. 2012a), it has been
argued that the starfish fed on the sea cucumber (Popov et al.
2014; Fig. 7.3). Furthermore, it seems that A. rollestoni is

CHs

CHg

HsC

(b)

Fig. 7.3 (a) Rollentoside B isolated from Asterias rollestoni and (b) Cucumarioside A5 isolated from Eupentacta fraudatrix with similar chemi-
cal formula of CssHgzO,, (produced with ChemDraw, version 16.0.1.4 (77))
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able to digest and also to accumulate the toxic triterpene gly-
cosides that were originally derived from sea cucumbers.

7.2.3 Ophiuroids (Brittle Stars)

With over 2000 species, brittle stars are the largest group of
echinoderms (Hickman et al. 2001). These organisms are
widely distributed, and their feeding behavior can be suspen-
sion feeding, deposit feeding, and/or predation (Stohr et al.
2012). Although brittle stars have numerous physical defense
mechanisms such as fast locomotion, a quick removal of
their extremities, and the ability to hide under rocks and
crevices, some species still rely on chemical defenses.
However, based on the MarineLit database, to this day only
a few studies focused on ophiuroids. Nuzzo et al. (2017)
mentioned that several classes of secondary metabolites such
as carotenoids, gangliosides, brominated indoles, phenylpro-
panoids, several groups of terpenes, and steroids have been
isolated from brittle stars (Table 7.1). The presence of
sulfated steroids in starfish (see Sect. 7.3) and brittle stars is
an indicator of the phylogenetically close relation between
these two classes of echinoderms (Levina et al. 1996, 2007).

7.2.4 Echinoids (Sea Urchins)

Sea urchins, the living representative of echinoids, are free-
moving echinoderms (Clemente et al. 2013). They typically
have physical defense mechanisms such as fused skeleton
plates, spines, and pedicellaria for pinching or capturing prey
(Jangoux 1984). Some families such as Diadematidae,
Echinothuriidae, and Toxopneustidae contain venoms (Thiel
and Watling 2015). The main MNPs of sea urchins are pro-
teins, polysaccharides, and pigments, which are located in
the spines, testes, gonads, and/or pedicellaria (Shang et al.
2014; Jiao et al. 2015). Studies on their MNPs have mainly
focused on proteins derived from naphthoquinone pigments
that showed antibacterial, antioxidant, and anti-inflamma-
tory activities. Few studies focused on steroidal components
of sea urchins (Table 7.2), with the exception of Tripneustes
gratilla (Liu et al., 2011) and Diadema savignyi (Thao et al.
2015a), from which several steroidal constituents had been
described.

7.2.5 Holothuroids (Sea Cucumbers)

Sea cucumbers have been recognized as an interesting
source of MNPs, since they are already used as traditional
food and medicine source in Asian countries (i.e., healing
wounds, eczema, arthritis, impotence; Ridzwan 2007,
Althunibat et al. 2013). The enriched nutrition profile of

sea cucumbers and their high protein, low sugar, and cho-
lesterol-free content make holothurians a valuable food
source, especially for people who suffer from hyperlipid-
emia (Wen et al. 2010; Bordbar et al. 2011). To date, anti-
bacterial (Ghanbari et al. 2012; Soliman et al. 2016),
antifungal (Ghannoum and Rice 1999; Soliman et al. 2016),
antiviral (Mayer and Hamann 2002), antitumor and anti-
cancer (Anisimov et al. 1973; Wu et al. 2007a; Janakiram
et al. 2015; Fedorov et al. 2016), anti-schistosomal (Mona
et al. 2012), and anti-inflammatory (Song et al. 2016) activ-
ities are the reported bioactive effects that were obtained
from various classes of sea cucumber-derived secondary
metabolites. Although a wide range of chemical classes
from sea cucumbers such as peptides (Zhao et al. 2009;
Song et al. 2016), polysaccharides (Liu et al. 2012; Marques
et al. 2016), glycosphingolipids (Sugawara et al. 2000),
polyunsaturated fatty acids (Yang et al. 2003; Hu et al.
2014b), and ceramides and gangliosides (Ikeda et al. 2009)
were studied (Table 7.2), only a few products reached pre-
clinical trials (Mayer et al. 2010).

7.3  Saponinsin Echinoderms

The major group of bioactive compounds that are responsible
for the biological activities of echinoderms are glycosides
(Bhakuni and Rawat 2005; Dong et al. 2011). Saponins are
common compounds that have been isolated from various ter-
restrial plants, but within the animal kingdom, they are
reported only in few marine organism groups such as sponges
(Kubanek et al. 2000), sea cucumbers (Yamanouchi 1955),
and starfishes (Kitagawa and Kobayashi 1977). Echinoderms
harbor in comparison to other marine invertebrates by far the
most of the 350 reported saponin compounds.

Saponins are complex amphipathic glycosides composed
of a steroid (largely found in sea stars) or triterpenoid agly-
cone (most commonly found in sea cucumbers) and a carbo-
hydrate moiety (Minale et al. 1995). Saponins consist of
hydrophilic (glycone) and hydrophobic (aglycone) compo-
nents. The sugar moiety of saponins is mostly composed of
glucose (Glc), xylose (Xyl), galactose (Gal), glucuronic acid
(Glu), rhamnose (Rha), and/or methylpentose and is con-
nected to the hydrophobic compartment (sapogenin) via gly-
cosidic bonds. The nature of the side chains and the positions
of various carbohydrate residues, or monosaccharide compo-
sitions, affect the membranotropic activities and functional
properties of this chemical group.

Saponins show a broad range of bioactivities and ecologi-
cal functions ranging from cytotoxic, hemolytic, antibacte-
rial, antiviral, antifouling, antifungal, and anti-inflammatory
activities, immunomodulatory effects, ichthyotoxicity, and
deterrent/attractant properties for predators/symbionts (see
Tables 7.2 and 7.3 for more details). Furthermore, the inter-



133

7 Chemical Biodiversity and Bioactivities of Saponins in Echinodermata with an Emphasis on Sea Cucumbers (Holothuroidea)

(panunuoo)
(46000) ‘T8 19 ueH O1X01014) Y~y ULINYIO[0Y PUB V SPISOUIYOH
(L00T) 'Te 10 Sueq 21X01014D) Py~ SuLINyIo[0yg
(2107 ‘a6007) ‘Te 30 uey lowmnuy D 9PISOIaUI0ISN] ‘(J—V SOpISeIqedS
(96002 “©8002) "Te 3o uey [esunjnuy Iy ULINyIo[oy Yy dPISOuIyod ‘g‘y apIseIqeds
(T100) hy Iy
‘Te 32 ueH pue (£007) ‘[& 12 Sueq JOOUBONUY | ULINYJO[OY Y SPISOUIYID ) 9PISOIAUISOIISN]
10T 'Te 19 uey Jownnuy W OPISOUTYI20IPAY(-H7
v umnyjojoy
(1661) 'T& 10 1yseAeqoy] [eSunynuy Y 9PISOUIYI ‘Y PISOUTYI0IPAYIP-17 D.AGDIS DLNYIOJOL]
(0107) Te 19 I'T Ioouednuy VY opisouryoyg

(L102)

nyz pue sueyz pue (600¢)
Suory pue ong (6007) Sueyz
‘(86002 “BLOOT “B900T) 'TE 12 N\

Jowmmue ‘[eSunjnue 1y opISI[IqON

-~V S9pISIIqON

$111qou pLNYIOJOF]

(0861) "Te 10 AowIsIUY OIX01014D) g ‘V SULINYIO[OH] |  DUPIIXOU DLINYIO0JOL
(6861 ‘S861) Te 10 emeSeIry [eSunynuy -V SOpISOdIAIRg | xpordiad pLINYIOJOF]
(€861) o1p1sood Ayanoe snAjowsy ULINYO[OH vynd pLnyjojo

VY uLnyjojoy

P900T ‘T8 12 Sueyyz 01X0)0)A9 ‘[eSunjnuy D op1sod1aIad ‘)—y SOPISOIAUI0ISN,]
DaL2u1202sNf
( €861) O1pIS20g Ananoe onkjoway uLnylo[oy DLINYIOJOF]
(#661) 'Te 12 Aodog Kanoe K10jempourounuuy 1y UIx0jo[oy 0y ‘g—y uLnylojoyg pu

(0107) Te 10 3oA( uep

Ky1Anpoe onAjowoy

 SPISONIAIQ ‘Y ULINYIO[OYSIP
“°g ‘g-V UHNyIo[oy ‘g SPISOULINYIO[0H

(qo10t
®600C ‘4800 ‘9L002) ‘T8 19 ueH

Jownnue :g aprsejo[idsoona|

iq ‘g uunyo[oy ‘O—V opiseiofrdsoona|

(SS61) WyonouBWELL JIX0J0AYIYI] uLIylo[0H
pjoqidsoona]
(PT86T “6L6T) T8 12 eMeSeIry] [e1qomniunuy -V uLnyiojoy pLMY10]0H
(2007) ‘Te 12 weyeiqy [eLI21OBQIUE PUB [ESUNJNUY S)oBIXd dIjoueg
1661 ‘Te 19 1ysefeqoy [eSunjnuy gV dpIsouIydy ‘g-Vv uLnyo[oy
SANIANOR
(9102) ‘Te 12 ueWI[OS [eLI21OBQNIUE PUB SUINOJNUY pu DAID DLINYIOJO epILINyIo[0H epIINYIO[OH
102714000
(6002) 'Te 19 AouOuy pu £y—'V SOpISOWONYOY vLmyopldiyy
(Qp10T) T8 12 0uayd[IS K1191%0101K5 MO gV SopIsoes[oY] vulpsy v3oy oeprpidig eprpodiseq
(8007) 'T& 12 AO[IAY Jownnuy Iy oprsoydeuig
(8007) 'Te 12 AO[IAY J1X0J03KD) v opisojdeukg pipmovw vidvudg
(8007) 'Te 10 uruIes| K31anoe onAjowoy pu pasid vuiosapoayde asepndeukg epipody
SQOUAIRJOY Kyianoe [eor3ojorg spunodwod uruodeg so10adg Arure 19pI0

K)1A1}OROIq J19Y) PUB SUBLINYIO[OY JO SIOPIO JUIIIP JO SAPIS0IA[3 ouadioniy, €/ ajqel



E. Kamyab et al.

134

(¥100) 'Te 10 IweIyeg

pu

Z-X 9pIsouLnyojoy

(S107) 0ouURI] pue IWeIyey

uruodes paje[A190BUON

N ‘D—H 9pISOIUOSST

(S107) oouel] pue rweyeq
pue ($107) [e 10 mwuereqg

uruodes paje[A100y

-V 9PISOTUOSSaT

(#102) 'Te 1o tweyeq

pu

'q ‘v opisounnylojoy

1U0SS2] DLINYIOJOF]

(6002 “4L00T ‘A9002T) T8 1 nAq

J1X0)03A0 ‘Towumnuy

D~V soplse[[IH

vl DLNYIOOF

(ST0T) T8 10 ySursaligg

KI0yUnUURPUT-NIUY

uonoelj Aejade [Ayg

(1661) ‘Te 10 IyseAeqoy| [eSunj-nuy V ULINYIO[OH SNpa DLNYI0JOH
(8002) 'Te 101X JIX0J01AD) | OPISOULINYIO[OYAXOIPAYDP-/ | Y IPISBISLID)

(T86T) 'Te 12 BAOYTUTIO pu 'Y ULINYIO[0] DASLLS PLINYIOJOF]
(0102) 'Te 19 nH Kianoe onwepidiped{ynuy pu
(2102) T8 10 ovyZ Jownmnuy V 9PISOUIYOd PAJEJ[NSIP Y PISOUIYOT

(1107) T8 10 ovyz

K1IAnOR dnRISEIOWNUY

V SpISOUYdd parEINsIq

(9100) 'Te 12 uapm
pue (10T ‘1102) T8 10 oeyz

JOOUBOTIUR/SISOYIUASOIq
v+ Jo uorssaxddns pue uoneprxo-¢
proe Ajyey oneday jo Iojenuung

V/ 9PISOUIYOd PAyRIISIq

(0102) T8 19 oAQ ueA

Ky1anoe onkjoway

I opIsouLINyjo[oH

(0102) "Te 19 PAQ ueA

Ky1anoe onkjowoy

D 9PISOULINYJO[0Y ‘Y ULINYIO[OYSA

12[Jovs3
0102) ‘T2 19 V_Q%Q UeA bfﬁom oﬁboEvI VY uLmnyjojoy pajejnsiq DLINYIOUOSADI]
Kyanoe
(6861) 'Te 19 BAOYYSIOD 9SBd LV-+I/+BN JO UOnIqIyur moq 'y uLmyjojoH
(€861)
BAOSJOUZNY PUE BAOYIUID[O
pue (Z861) '[B 19 BAOYIUIO
‘(qz861) T8 19 BAOSIOUZNY pu g ““y-'y sunmnyjojoH
(9861) NeY | senIAnoe onAkjoway pue OrureyjodAy ‘pul  puvprioy pmyojog
(1661) ‘T8 19 Zon3LIpoYy [eIIADUR ‘JOWMNUY -V sopIsouLnyjo[oH 1DYS.10f DLINYIOJOF]
(1661) Te 10 1ysekeqoy] [eSunjnuy SOpIS0A[S pare)nsaq
(8002) 'Te 3o uenx [eSunnuy g uLInyjo[oy ‘y pIsoso[xy
vivgoundoasnf
(96007) ‘T 30 ueng eunjnuy | (q oprsoorarad pue 4 aprsndie ‘g oprsueneduy DLINYIOJOF] .
(8661) 'Te 19 eIOUISH AlojewrueguUI-NUY S1OBI)XQ QUBYIQWOIO[YDIP PUE [OUBYIIA
(L107) seae) pue yadnzQ Surnoynuy SpISOULINYIO[0H]
(96007) 'Te 10 OuAYI[IS pu g—V suLnyjojoy psongny pLNYI010E
(L107) seae) pue yodnzQ Surnojnuy SpISOULINYIO[OH
(ST0T) Ipayy] pue ueruQ IIX010JAD) PISONIATY
(8007) 'Te 19 [rews] [eSunjnuy S10BI)Xd snoanbe pue [oueyjow
(95002) "Te 10 OYuayd[IS pu g-V suLnylo[oy ‘*g—<g sunnylojoyg 1j0d vrmyjojof
(2007) e 10 weyriqy [eLI)oRqNUE puE [eSunynuy S)0BI)XQ OI[OUBYIF
(9102) 'Te 30 elRWUEBMNS jueprxonuy’ JorRIIXQ 9pNID)
SQIUAIRJY Kj1anoe [eor3oforg spunodwod uruodeg saroadg Aruue 19pI0

(ponunuoo) €°£ a|qeL



135

7 Chemical Biodiversity and Bioactivities of Saponins in Echinodermata with an Emphasis on Sea Cucumbers (Holothuroidea)

(panunuoo)

(2002) T8 10 weyeiqy

[eII9)OBqTIUE pUE [ESUNJIUY

S)JoRIIX9 Jrjoueylq

(2T102) '8 12 YoPIN
pue (0861) [¢ 10 emeseIrs|

[EWOSO)SIYOSIIUE ‘[eSunjnuy

-V SIpIsouIyoy

sanuyoa n3Ldouroy

(2100 Te 10 LrequeyD [eLIORqNUY ‘pu
(8002) 'Te 12 y3uIg sniserednuy g uLINYO[OY ‘Y ULINYIO[oH
(8002) "¢ 10 Suryz Jowmnuy | pue Yy sopIsorourdd] ‘g ‘'y Y suLmyjojoq
(L007) T 30 Tewny] eSunynuy g-V suLInylo[oy
(€861) orprosod Ayanoe onkjowsy pul  paounsa) vScdounoy
109559
(8007) ‘T& 12 uruIes| KI0)R[NpOWOUNUIWT ‘TELISIORqNUY ‘pu
(0961) eYsmONe[ pue I[[QISIN Kanoe o1uaSoNA uLnylo[0H
(15119
(0L61) SIIX1S putosoundq.r] ysurede) oniserednuy ULINYIO[OH
(SS61) T8 19 UBAI[ES Jowmnuy uLnyooy
(8007) 'Te 1o utuI[Ey OIX010AYOT 'V OPISOUTY0IPAYI-H7T
(6561) 'Te 10 Aaquey) IIXOJ0AYIY] v uunyooy | 121ssp8p v¥ddounoy
S 1T 'H *H ‘J 9pisoutyiofoy
(0T0T) e 30 oA ueA onAjowsy opisn3elre ([ D OPISONIAL]Q ¢, apisuanedw | piqniqns pyospoyog
(1661) "Te 1 1ysefeqoy] [eSunjnuy V 9PISOUIYOd ‘Y ULINYIO[OH | 12fan.8 piyospvyog
(¥10T) 'Te 10 Apueqrg [eSunjnuy [~V SOpISASNOD) | 11m1p2assnos viydspvyog
(87861) T8 10 BAOSIOUZNY] Jowmnuy SOPISONIATG
( 9PISONIAIQ ‘(T IPISONIAIGAX01208-GT DIDLOULIDUL
(86007) ‘T8 12 ueng [eSunjnuy ‘g—V SOpISOJOULIBW ‘g—, sepisuanedu] DIYOSPOYOY
(8007) 11EIN S1ISUa11A
PUE (ZT0T ‘800T) Te I° Tuysye] | oprorureds pue ‘[eSunj-nue ‘[erAnuy { 9pIsonIAlg DIYOSPYYOY

(6861) 'Te 12 BAOYYSIOD
pue (91861) '[€ 10 EMESEIY]

AyAnoe ased Ly~ 3/:EN JO uonIqryuy

g-V SOpIsonIAlg

(51861) 'Te 10 BMESEILY] [e3unjnuy -V SOPISONIALY | DIDIIIALG DIYISPDYOS
(2861) T2 10 AOYYSIOD | AJIATIOR SB[V~ 3/+EN JO uoniqryuy D uLnylojoq
(Q *8800T ‘L00T) Te 12 i 21x0101K) H-V sopIsnsry
(eZ861) T 19 BAOSIOUZNY Jowmnuy sad&) apisoniarg sn8ip vIyISpvyog

(L00T) T8 10 ung

Iownnuy ‘Orx0}oik)

(0 APISONIALG %Y dprsuaneduy

suaypduil PLINYIOJ0

($102) e 10 modpeysie]

[eIADUY

pu

“ds vLmyjojofy

(S102) T8 19 Nk

J1X0)0}AD)

suruodes pajej[nsop pue pajejins

11q20W PLINYI0JOH




E. Kamyab et al.

136

(8L00T) 'T& 10 OUAYD[IS pu D 9PISOPUOIJOST T4y 4y “Chy 9pISOPUOL]
(Q *8S000) "T® 10 ONUYI[IS
Pue (7661) ‘T8 12 Ae[pur] pu Foy—"ty ‘g sopisopuoly
(8661) 'Te 19 AO[IAY Jowmnuy D 9pIsopuolf
(6661) Aerpur pue rAex pu ( 9pIsopuodq
(8002)
[2 39 Uy pue (g10g) w19
BIN “(€102) T8 32 qnony “(1107)
‘[e 10 1bnozrejN [V “(0661) T8 12| 19910 AIoje[npowountuw] ‘190uednue
pIeID ‘(107) ‘T8 12 [reways [V JOWMNUY ‘S109JJ0 aanerdjiordnuy V 9pISOPUOIL] DSOpuOLf DILIDWNIND
(9107) vty
Pue (0661) ‘T8 19 UIysLD [BIADUY ‘[eLIA)ORqHUE
‘(0661 ‘v861) ‘T8 12 AOPAS 99939 A10)R[NpOWIOUNIIW] JpIsoLewnon))
199130
(9002) 1B 39 UIuIUY onAjoway pue K10je[npowounww] apisewn))
(€861) Te 19 AowisIUY A1Anoe ased Ly-+31/eN Jo uoniqryuy 'D opisoLewNONy
(L66T) "Te 19 BAOPZOIQ
pue (9661) ‘[® 10 ururey] onkjoway ‘Jownnuy £y dpIsoLewnony)
(€661) ‘& 12 BAOPZOI(] pu E0y ‘Toy IOy soprsoLrewndn))
(1002
‘T 10 uruIuy pue ‘(L661) 1812 J99JJ0 AIoje[npowountuIwt
BAOPZOI( ‘(9661) ‘T8 12 utures| ‘onAJoway ‘Orx0}0IAd ‘Iownnuy 7%V 9pIsoLrewunony)
(€000)
‘[& 32 BAOUOJRIY Pue ‘(1007)
‘e 12 Uy ‘(9661) T 19 109139 A10jR[NpOWIOUNTITUT
uruifey] ‘(¢661) ‘T8 12 BAOPZOI( 01X010)KD ONAJOWIH Ely ‘Tly ‘I'ly sopisoLewnon))
(1007) 'Te 30 UTUTWY | 109JJQ AIOJR[NPOWOUNWWI ‘ONAJOWIL] £y 9pIsoLewnon)
(Q1661) T8 19 AO[IAY pu Cry iy “ty Ty sopisoLrewnon))
(L107) 'Te 30 uIdeAsid
PUE ‘($/107) ‘T& 12 BARSUIYOUIIA Jownjnue
‘(€002) ‘T 32 eAOUOJEIY ‘(100T7) ‘TeITATIUR }09JJ0 AIOjR[NpOWIOUNIUT
Te 39 Uy (9661) e 19 *KNADOE OSE LV -+31/EN
ututey] (qQre61) T8 19 AoIAY Jo uonmqryur ‘orx010143 “OnA[owsH ¢—“V dpisoLewmnon)
(8002) 'TB 10 [BIIATIUR )09]J2 AIOJe[NpOWIOUNWIUT
uruIfes] pue (100g) T8 12 urumuy ‘K11Ano® onAjowoy Ty opIsoLremunon)
(1661) 'Te 19 AdyosLIng, Kanoe aanerejijordnuy omuagojnu JpIsoLrewnINY)
(0861) 'Te 10 AOYeIRY [eSunjnuy apIsoLewnon))
(0661) Te 12 eaodieyIj0d 19939 K103R[NpOWIOUNI] JpIsoLrewnoN)) vorodpl vrivumMOIN,) JepILewnoN) | BpHOIIYI0IPUd
(2002) 'Te 1° weyrIqy [eLIRJoRqNUE pUE [ESUNJIIUY S10BIIXQ OI[OURYIH s 3Ldoundy
(L102) 'Te 19 [opuoIy
pue (S861) ‘Te 10 Ie3eweyg [eSunjnue ‘Towmnuy SUTUAZOULINY)O[OH ‘SOPISOUTYIT vaunuvlf n3Ldoundy
(9L61) T8 19 1m2d 91X0)0140 pue dnsejdosunuy pu
DUDLINDUL
(1661) 'Te 10 1ysekeqoy] [eSunjnuy | g—V SOPISOUIYI0IPAYD -1 ‘g—V SOPISOUIyoq v3{dounoy
SQOUAIRJY A1Anoe [eor3oorg spunodwod uruodeg saroadg A[uue 19pIO

(ponunuoo) €z a|qeL



137

7 Chemical Biodiversity and Bioactivities of Saponins in Echinodermata with an Emphasis on Sea Cucumbers (Holothuroidea)

(panunuod)
SN0 SNSo1gNp
($102) ‘Te 10 eSea1R) aanerdjrjordnue ‘IeouLdUY 'V 9pISOUd0PNAs SNUIOPNIS ] 4.
(S107) T8 32 Suon) J1X0J01AD) =V SOPIOSEWPOII))
(ST0Q) T8 10 Suon) Jowmnuy V 9PISOIYI0[0]) | SA2IUD SDULIPOILD) sese

(@°2910¢
®G107) *[¥ 10 OYUAYDIS

K)1An08 d1A[OWY ‘OIX01031AD)

fg-'g vV ‘[ SepIsoIyoo[o)

(99102) "T& 19 oquLYI[1g

pu

| 9pISOAIYI0[0)

SNISNQO.L SNATY20]0)

(Q€102) I8 19 ouayd[Is

01X0)0)40 ‘[eSunjnuy

g unnyofoy 'y
QPISUAPADIANUI T ‘1) “‘Iq Ty Iy soprsoordAT,

($102T) 'Te 10 useA[siq

21010349 )99JJ0 AI0jR[NpOIOUNTII]

'g ““y 'y soprsoordA],

po1d{] STUNINO0UIIY

(2661) T8 10 o1owekIN ‘pu -V sopisonsneuad parensaq SUDAISND DIIDIUIJ
(50102) 'Te 10 ueH Jowmpuy J ‘g apiseIoreIuag
(80102) 'Te 30 uey o1X0J03AD) | III pue ‘I[ ‘] opiseroviuad ‘g—y sopisdourjAyg
(89002)
Te 30 SueqZ pue (9007) T8I0 IX o1X01014D A A ‘q'V seprsdouriAyq
J1X010140 supnduniponb
(LOOT *S007) T8 19 ueL, ‘SISOURSOISUETIUY “IoWMNUY (dd) A oprsdouriAyq DIODIUI] s

(22002) 18 12 I'POIYD

[esunjnue O1x0101LD)

G-V SOPISOWAPATOWH]

s11qp102ds
DUIPIONUIE]

(S00T “€007) Te 19 nozZ,

01X0)0)A0 ‘rTowumnuy

- D~V SopIsuapadIau]

SUIPI2UIUL
DLIDWDSUD P

(L66T) 'Te 12 BAOPZOI([ pu Ly oprsoLrewnon)) DIDIUIU DIADUNIND)

(L66T) Te 10 AOTIAY ‘pu V OPISORIOY] | SISUID2LOY DLIDUNINY)

(6861) BIONSRY pue ZanSLpPoy pu D UV ‘1Y SOpIS0a1AdJa] 12.402J2] DLIDWNINY)
V 9pIS0I0Y ‘Y wnuL2ds02110)

(£002) ‘T8 10 AO[IAY pu OPISOAIONOS] Tty Ty Ty opIsoLreWINON) DLIDWNINY)

(0102) '[e 19 Uty

Kyanoe A1oje[npowounuuy

'y Bsopuolq

(0107) 'Te 30 Iy pue
(8002 “4L00T) ‘T8 19 ONUSYI[IS

01X0)0)Kd
‘f11Anor A1oje[npowiounuIwy

fg-'g 'y oy sopIsoloyO

(8007) "Te 10 OquAYI[IS

J1X0)0)A0 ‘Towumnuy

fg-'d SIPISOI0YNO

SISUJOYHO DIIDWNINT)

(69107) ¢ 10 OYURYI[IS

onA[oway ‘0rx0j0}k)

L' O —'o ‘'g sopisoxe[eq

xpnf D1DWNONY)

(6661) 'Te 12 BP0

K31anoe onAjowoy

1190

(6661) ¢ 10 eweloyereH

Ky1An)or dNAJoWIH

19D

(2661) T8 12 OJowWeAIN

U

g-V SepIsonsneudq pajejnsic

(20661) 'Te 32 O1oweATjA

pu

D~V [0UIyowWnony)

(90661) 'Te 30 ojoweATN

[eozojoidnue ‘raouednUe ‘[ESUNJNUY

A—V sepIsouryoawnony)

DIDUIYDD DIIDUNIND)




E. Kamyab et al.

138

wnusvut
(QL107) ‘Te 12 OYuayo[Is onAjoway ‘01x0j0}k) -1 ‘g-lq ‘"y—ly soprsownusey wnmpruoky10aN
(8000T) T8 10 AO[IAY pu q °q-'q sep1so1se)
(40007) Te 12 AO[IAY £3101%030340 ON 0) 9pISOLIBWNON))
(90007) ‘T® 10 AO[IAY JIX0101KD) ) 19 ‘g sopisoraSoe) | n1aS10)pd niGUDIUIG sepuoydor[Ayg
(1100
‘[e 39 eSeaIe) pue (8007) It 10
ureruniy ‘(100¢) 8 30 Aeunjy J1X030340 ‘TeSunjnuy D-V sepisoomogered sno1osvind snjosqg
(L66T) ‘Te 30 ururesy pu V OPISOSTWIXH SHIUIXD SNJOSJ
(6661) Te 19 BAOYYSIOD
pue (86861) '[e 10 utuIey | AIANOR ased [V-,3/+EN JO uoniqryuy g V sopIsosnjosq
(9661) ‘Te 10 uturfesy Kanoe onAjoway V 9pIsosn[osq 1911gDJ SNjOS Jeprosd
A0 d'ddOTNW
(q *®810T BLIOT “aSTOT TN TSI ™ T “H"™H D A ' a'a
O%T0T 9¢T0T) T8 12 ONUAYO[IS OIX0I0LD | Y ‘A TO-'D D g g V-V SOpIso[opr[D) | 121jauiyds $aq]opy])
(2007) Aodod XLUDPNDAL
pue (6861) [e 12 A0[[mEAYY Ananoe onkjoway 0rx01014) V€0 €y ‘10 SOPISOLIBWNIN.) DLIDUNIN
(T107) T8 10 OUaYI[IS J1X0]01KD) Shy—ly SopIsoLewnon
(P *q BZ10T) T8 19 OqUIYD[IS
PUB (Z10T) T8 10 PN [eSunjnue ‘saniAnoe oNAJOWSH I apIsoLreWNON)
SANIAIOR
(9‘q ‘B€10T) T8 32 OUAYD[IS Aloje[numsounwiwil pue dIXoj03k) £]-] sopIsoLEWNONY)
(107) ‘Te 10 rodogd pu ] ‘1 sopisoLewnon))
(800T ‘Q “BT661) T8 30 urures] Ananoe onAjowoy Yoy ‘ry ‘2o ‘I sopIsoLewnon))
(P *q ®ZT0OT) T8 19 OYUAYD[IS
pue (Z1027) '[e 30 Yol [eSunjnuy g opIsoLrewNOND
(q BZ10T) T8 19 OqUYD[IS
PUe (Z107) T8 12 3PN Ananoe onkjoway ‘ESunjpuy sy Shy ly Ohy—Ty sopIsoLewnony)
(FL61) T8 19 AowWISTUY X001 D opisoLrewnon))
(9Z107) 'T® 12 OYuayo[IS JIX010140 ‘AIATIOR ONATOWOY SH—'H sopIsoLewnony)
($661) ‘Te 19 AO[IAY Ky1Anoe onAowl i) apIsoLIBWNONY)
(8000) 'Te 1o utuIfey]
pue (6861T) 'Te 10 AO[[MLAYY Ay1Anoe ased Lv-+31/eN
‘(T861) T8 12 AOYUSIOD Jo uoniquyur ‘onkjoway ‘o1x0j01L) 'y oprsourewnon)) | xnuvpnn.if viovuadng ePI[A10RPOIAOS
SISUDJLATY
(BT1661) T8 12 AO[IAY pu D ‘Y SopIso[LINy] p)k10DpOUISPN(T 4,
(e 107) "Te 30 ONUAYI[IS o1X01014D) D) ‘( 9pISNAIB[OIA
(ey10T) 'Te 10 OUIYI[IS $n22D]014
pue (2 ‘q9007) T 12 Sueyyz J1X0)01KD) I ‘A D ‘g V SOpISnadR[OIA SNAIYI0]0I0PNIS J
1yonb.any
(PET10T) T& 19 ONUAYD[IS pu v oprsojonbiny, STUNINIOANDIS 4.4,
(1T0T “8007) 'T& 10 AoUOIUY pu “d ‘d “V—'V SopIso[[IAnor]
[panon
(1007) 'Te 19 IR\ [BIIADIUR OIX0)0}KD) -V SOPISO[[IANOT] STUNONIOAND]S
SQOUAIRJY A1anoe [eor3oforg spunodwod uruodeg saroadg ATuue I19pI0

(ponunuoo) €z ayqeL



139

7 Chemical Biodiversity and Bioactivities of Saponins in Echinodermata with an Emphasis on Sea Cucumbers (Holothuroidea)

(panunuoo)
(1661) ‘Te 10 TyseAeqo3| [eSunynuy ) 1D g “Ig Ty 1y SOpISOIo[YONS
(6861) ‘T® 32 BAOYYSIOD) 199JJ9 AI0jR[NpOTOUNTIW] Y 9pISOJOUd[AY ],
(9L61) Te 19 1mdd Jownnuy spunodwod uruodeg
(s861) e 19
AJSI[BIAl PUB (Z861) “[€ 19 YIUOIS [eSunynuy -V SOpISOIOUAY L, SDUDUD DIOUI]IY ]
(T861) 'Te 10 AOYUSIOD | ANANOE S, LV -+3[\EN JO UONIQIYU] D apisodoyonsy | snpifipnut sndoyong.,
(S0027) Te 30 sisuauaind
ZOUNIRIA-ZoNS U] JBIIOOUOIA (] ‘pu q ‘Y SopIsouwraieg sndoyog.,
(1661) Te 12 1ysedeqoy] [eSunjnuy i ‘I g “Ig Ty Iy SOPISOIO[YINS wupuLiay sndoyous
($107) T8 12 Suepy [esunjnuy g uunylo[oy “J—V Sopismesarey | smpdariva sndoyous .,
(8107) 'Te 30 UaIA OIX0J0ILD)  SopIsoualIoyong
(L107) "Te 12 Suon) J1X0103KD) v oprsodoyons ‘—V SopISOudLIoyons suatioy sndoyong
(9L61) Te 19 IMd 21%0)0)£5 pue onsejdosunuy pu
(1861) ‘Te 10 AodAreys pu g ‘v soprsodoyong
(q ‘BT86T) ‘e 10 emeTeITy [esunnuUy D 1D °g *'g “y-"v sapisolo[yong
(6861) T2 10 BAOYYSIOD | AIIANDE ASEJLV-+3/EN JO UonIqryuy 4 °d ‘D sopisodoyong
(S861) Te 10 AdSIBIN Jowmnue
pue (€867) '[¢ 10 AOWISIUY | ‘OIX0303A0 ‘[eSunjiue ‘[eI1qoIoTunuy q°d ‘D ‘Y opIsouoIofy) | snjouoiojyd sndoyong
(6007) T® 19 tusny uRpIXONUY utuodes opni)
(v urxolojoy
(9L61) 'Te 10 emedRITy [eSunjnuy QuooA[3e aumual) ¢y 'y uruadodoyonsg | snomodpl sndoyong .,
(€100)
‘[e 32 Sue pue (Z[0T) ‘[e 10 nI'] [eSunjnuy H ‘D ‘J Surxolo[oy
'y urxojooy
(2107) ‘T8 12 Suepy resunynuy -0X0-G7-10U-97 (9p1s09A[3 auadiamnioN)
(2102) "Te 10 Suep [eSunjnuy D—( SUIX010[0H
(2102) "2 10 Suepm [e3unjnuy 'y urxojo[oy-Axo1pAyi-9z°se
(Z107) Te 10 Suepm [eSunjnuy Vv ‘1 ‘'g ‘'y surxojojoq
(T10T) 'Te 10 Suepm [eSunjnuy € 9pISO[OpE[D)
(0661) ‘T& 12 SIEIA 109139 aandedenuo) V unnyjojoy pue 'q 'y urxojojoq
(6861) ‘T2 10 BAOYYSIOD | AIATIOR ASEJ V-, 3/+BN JO UonIqryuy D eprsodotonsody

(6861) ‘T& 12 BAOYYSIOD
pue ($861) [e 19 ASSIEIA

Ayanoe ased Ly~ 3/EN JO uonIqryuy

'q 'y surxojo[oy

Y661 T8 10
aodod pue £661 “I2 19 epIys]

K)1Anoe 2AneIRjIjoIdnue ‘O1X030)4)

'y urxojojoyq

(8100) Te 10 ung

JTX0J03AD ‘OTX0JOINAN

QpISO[ope[d 'y UIX0JO[OH

(€£861) "[e 10 AowIsIUY
pue (9L61) 'Te 12 eMeSeIry]

Jowmnue ‘[eozojordnuy

'y urxojojoyq

(G861 ‘¥86T) T8 10 AISIRIN
PUE (9L61) '[€ 19 eMeSeiryy

[eSunjnuy

D ‘d 'V uIxojo[oy

snorodpl
sndoyonsody .

aeprpodoyong

BpNOR[[RUAS




E. Kamyab et al.

140

sdaoup sny20j0) = sdadup spwapo2a)) DyIds PLULWNINY/MANDIN] PILLWNINY = 11aNbang SUNIND0ANDIS :SOWERU PISTWAUOUAS . ..
snomodpl sndoyonsody 0y snorodpl sndoydns SnpuIyd2 SNUD0PNISJ 0) PIDUIYID DIIDWNINY ‘SISUIIIA DIYISPDYOG 0) DIDIIIAIG DIYISPDYOT
SSUDINSUDAPYND SNA1Y20]0)) O) SLIDINSUDAPYND DIIVIUDG SISULINY WNIPIUOLY ], 0) S1suajlany v ovpouspn( ‘1suaunaind sndoyoysody 0) sisuawiaivd sndoydns suaiioy sndoydns oy snipsal
-1pa sndoyoug stupmSuniponb sniyp0joy) 0y stvnSuviponb viproudg Wiv1oUNdoIsnf vimMyI0joH 0) PSOJOIXD PLINYIOJOY XLUDPND.LL DIdDIUANT 0) XLUDPNDLL DIIDWNINY) DUILO] D]]21IDIUI]
0) SNUIUO2] SNSOIGND SNUIOPNISJ UNUSDUL WNTUISSDJY 0) WNUSDUL Wnip1uoly1oaN snpifiypnus sndoyoisy oy snpiyfiypnu sndoyo1g :woly pagueyd sowreu pAdoose oyl ‘(6107) SINYOM U0 pased .
(0107 'T8 12 Y2AQ uep) V opisuanedwll = y 9PISOJBIOULIBIA],

(¥007) T8 10 OYuayo[IS snyonag
pue (q6861) ‘T8 12 utures| pu q°v soprsodoyonsopnasq sndoyonsopnasg | deprpodoyonsopnasq BPINIISIO]
(2002) Te 12 OUuAYDI[IS pu D U ‘'g Oy ‘'Y SOpISO)OR[[RUAS DMD20U $21OD]IPULS BPNOR[[RUAS
(S007) 'Te 10 SeIOIN pu ©g—'g V SapIsosIoN
s1jow
(Z1027) ‘Te 10 LIsejuewqIx [esunynuy QPISOIPTUOATIOAN sndoyonsoppaisny
(¥100)
‘Te 39 JIed pue (Z107) Te 39 ung J90uBdNUE ‘JIOWNNUY gD seprsodoyonsg
(8Z861) T8 19 BAOSIOUZIY] ownnuy uLnylofa,
(1661) 'Te 12 IyseAeqoy| [esunynuy 1D ‘1 ‘' sapIsoIo[yons Xpum vjoua|ay |
(2007) ‘T2 10 9pSoH [elIADUY pu
(9L61) 'Te 19 1md 01X0)0340 pue onsejdosunuy U
(8Z861) T8 19 BAOSIOUZIY] ownnuy g—V SULINYIO_L,
SQOUAIRJY Ky1anoe [eargoforg spunodwod uruodeg saroadg A 19pIO

(ponunuoo) €z 3|qeL



7 Chemical Biodiversity and Bioactivities of Saponins in Echinodermata with an Emphasis on Sea Cucumbers (Holothuroidea) 141

Fig.7.4 Examples of (a) a triterpene glycoside structure: Holothurin A
isolated from the sea cucumber Holothuria leucospilota (Kitagawa

actions between aglycone components (i.e., sapogenin) and
sterols of the cell membranes can result in a saponification
process that may lead to cell lysis (Bahrami et al. 2016).

The sulfate group seems to be one of the most essential
groups in most saponins derived from ophiuroids, asteroids
(Table 7.2), and holothuroids (Table 7.3). However, there is
a basic difference in the position of this functional group
between echinoderms (Fig. 7.4). For both sea stars and brit-
tle stars, the sulfate group is located in the hydrophobic part
(aglycone) of the molecule, whereas in holothurians the
sulfate group is placed within the hydrophilic moiety (gly-
cone) (Kornprobst et al. 1998). The structural differences
of asterosaponin and triterpene glycosides showed that not
only the presence but also the position of the sulfate groups
may be important, resulting in potentially different biologi-
cal activities of saponins (Maier 2008; Malyarenko et al.
2015).

As the sea cucumbers contain the highest variety of sapo-
nin species, we will next (see Sect. 7.3.1) focus on the distri-
bution and function of triterpene glycosides that have been
reported exclusively from holothurians.

Tl
Ol

(0]

(b)

Ol
I

et al. 1981d) and (b) a steroidal glycoside structure: Thornasteroside A
isolated from the sea star Acanthaster planci (Kitagawa and Kobayashi
1978) (produced with ChemDraw, version 16.0.1.4 (77))

7.3.1 Structural Diversity of Saponins

in Holothuroids

The first report of polar and low volatile triterpene glyco-
sides within the animal kingdom was in 1952 and originated
from a sea cucumber extract (Nigrelli and Zahl 1952).The
initial studies on the bioactive properties of compounds
derived from sea cucumbers explained the ichthyotoxic
activities of saponins, which were extracted from the body
wall and the CTs of Holothuria leucospilota and Actinopyga
agassizi (Nigrelli and Jakowska 1960; Yamanouchi, 1955).
Most of the subsequently identified saponins were mainly
isolated from three families of sea cucumbers: Holothuriidae,
Stichopodiidae, and Cucumariidae (see Table 7.3).

The chemical structure of saponins in holothurians can be
very complex in terms of the presence/absence and position
of different functional groups (e.g., hydroxyl groups), which
may differentiate them from other echinoderms as well as
from each other marine invertebrates (Bahrami et al. 2014).
The generic name of holothurian-derived saponins is
Holothurin, which are nearly all 3p-glycosylated saponins
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(Kornprobst et al. 1998). In most sea cucumbers, triterpene
glycosides contain the aglycone lanosterol with an
18(20)-lactone (e.g., holostane 3f-ol; Kalinin 2000; Caulier
et al. 2011) and an oligosaccharide chain that consists of
D-Xyl, D-Quinov, D-Glc, D-3-O-methyl-Glc, and D-3-O-
methyl-Xyl (Caulier et al. 2011; Bahrami et al. 2016).

Triterpene glycosides exhibit different bioactivities,
which might aid the likelihood of survival for its producing
organisms. This is also highlighted by their broad bioactivi-
ties as well as their broad ecological functions (e.g., anti-
predatory defense). Although the structure of each unit
affects the bioactivity of the compound, linear oligosaccha-
ride structures (i.e., tetraosides) have shown to be the opti-
mum quantity of monosaccharide units in the glycoside
(Minale et al. 1995; Kalinin et al. 2008). Furthermore, allelo-
pathic properties of saponins, as well as the presence of vari-
ous functional groups like amides, hydroxyl groups, acetyl
groups, and sulfate groups in different species of sea cucum-
ber, can inhibit larval attachment of macroorganisms and
also affect the growth of different strains of gram-positive
and gram-negative bacteria (Soliman et al. 2016). By chang-
ing the hydrophobic-hydrophilic balance of bacterial cells,
extracted saponins may affect permeability and stability of
the bacterial cell wall, which in turn can ultimately lead to
cellular death (Lawrence et al., 1957; Soliman et al. 2016).
Additionally, due to their hydrophilic properties, saponins
regulate oocyte maturation and can thus affect the reproduc-
tion cycle of organism by synchronizing the maturation pro-
cess (Kalinin et al. 2008).

The vast chemical diversity of saponin in sea cucumbers
makes them effective models for studying their biochemical
evolution and applying these compounds as potential holo-
thurian chemotaxonomic markers (Kalinin et al. 1996, 2008;
Kalinin 2000). Depending on the taxonomic group of sea
cucumbers, the number, composition, and location of mono-
saccharide units, and position of functional groups in the
holostane skeleton (i.e., hydroxyl, acetylate, sulfate, double
bonds, etc.) may affect the bioactivity of the compounds
(Stonik 1986; Kalinin 2000). For example, the presence of
trisulfated glycosides in members of the family Cucumariidae
is unique for this taxonomic group (Bahrami et al. 2016).
Recent chemotaxonomic analysis supported the evolution of
saponins in both glycone and aglycone moieties.

The general trend of glycone evolution in Holothuroidea
is from non-sulfated to sulfated compounds. Bondoc et al.
(2013) studied saponins from three species of Holothuroidea
by using MALDI>-FTICR® MS* and nano-HPLC®-chip

“Matrix-assisted laser desorption/ionization.
*Fourier transformation cyclotron resonance.
“Mass spectrometry.

3Nano-high-performance liquid chromatography.

Q-TOFS-MS, and by applying maximum likelihood analysis,
molecular biology, and evolutionary software packages, they
created mass chemical and genetic fingerprints of saponins.
They concluded that evolution of saponins leads to glycone
parts with higher membranolytic activities and hydrophilic-
ity with lower metabolic cost (Kalinin and Stonik 1996;
Bondoc et al. 2013; Kalinin et al. 2015). Therefore, the gly-
cone evolution of Holothuroidea was likely in the following
order (Kalinin et al. 2016):

1. Transition from non-sulfated to sulfated hexaoside or
pentaosides
2. Changing from hexaoside and pentaosides to linear
tetraosides and biosides:
(a) Carbohydrate contains sulfate group at C-4 of first
xylose unit.
(b) Shifting sugars with C-6 Glc and 3-O-methyl-Glc to
sulfated at C-4 of first xylose

Kalinin et al. (2015) mentioned that sulfated tetraosides are a
common characteristic of Holothuria and Actinopyga; how-
ever, sea cucumbers of the genus Bohadschia contain both
non-sulfated and sulfated carbohydrate units (i.e., hexao-
sides and tetraosides). Bivittoside D extracted from
Bohadschia vitiensis is a hexaoside non-sulfated glycoside
that evolved to a sulfated tetraoside (Holothurin A,), which
has been also found in Holothuria scabra (Dang et al. 2007)
and Pearsonothuria graeffei (Zhao et al. 2011). Further
structural modification leads to compounds with two mono-
saccharides (i.e., biosides such as echinoside B) from
Holothuria leucospilota (Han et al. 2009a) and Actinopyga
echinites (Kitagawa et al. 1985). The general direction of
aglycone evolution is more complicated and depends on the
presence or absence of lactone, keto, hydroxyl groups, as
well as position of double bonds (Kalinin et al. 2015):

1. Presence/absence of lactone: It shifts from lanostane
derivatives without lactone to lanostane with an
18(16)-lactone and holostane with an 18(20)-lactone.

2. Shifting the position of double bonds and the keto group.
In general, transition of aglycones occurs from low oxida-
tion to higher oxidized compounds.

(a) Transition of aglycone compounds having a 7(8) dou-
ble bond, and a carbonyl group at C-16, to com-
pounds oxidized at C-22 or C-23 without the oxygen
at C-16

(b) Transition of aglycone molecule from 9(11) double
bond and C-16 keto group to compounds having oxy-
gen at C-16, and then to compounds without oxygen,
but containing a 12a-hydroxyl group

9Quadrupole time-of-flight.
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Fig. 7.5 Phylogeny of Holothuroids. Produced based on Miller et al.
(2017). Holothuriida is the new accepted name for the order of
Aspidochirotida

Overall, based on morphological, molecular, and paleonto-
logical analysis, there has been a clear evolutionary distance
between Apodida and other species of the orders
Dendrochirotida and Holothuriida (Fig. 7.5; Avilov et al.
2008). Several studies reported that the presence of the
3-O-methyl group in the terminal monosaccharide units of
holothurians  (Psolus  fabricii, Cucumaria japonica,
Hemoidema spectabilis, etc.) increased the membranolytic
activities of the compound. Kalinin et al. (2008) described
that during evolution of the terminal monosaccharide unit
from glucoronic acid (GlcA) to Glc, the 3-O-methyl group
was conserved due to the protective properties against preda-
tory fish.

A unique group of sea cucumbers are the Synallactida.
They are mostly epibenthic and their remarkable defense
behavior is shedding (Kropp 1982). Their typical chemical
defenses are holotoxins, stichoposides, and stichlorosides
(Table 7.3). The common characteristics of stichoposides
and holotoxins are the presence of a double bond at C-25
(C-26), while the presence of a-acetoxy group at C-23 and
a 3-O-methyl-D-Glc in their polysaccharide chain are
another feature of stichoposides. The presence of a keto-
group at C-16 is observed for most holotoxins. Interestingly,
there is a sulfate group present in stichoposides (Mondol
et al. 2017). Thus, the presence of a particular aglycone or
glycone glycoside can be a taxonomic marker for certain
genera such as the genera Bohadschia, Pearsonothuria, and
Actinopyga (Kalinin et al. 2016). The presence, expellabil-
ity, and stickiness of CTs of Holothuriidae (i.e., Bohadschia
argus, Holothuria forskali) affect the chemical diversity of
triterpene glycosides of the sea cucumbers (Honey-
Escandén et al. 2015). Among Holothuriidae, the genus
Bohadschia is considered a more primitive group since it
contains well-developed CTs with expellability and sticki-
ness and possesses non-sulfated and less-oxidized glyco-
sides in both the CT and body wall (Kalinin et al. 1996,
2008; Honey-Escandén et al. 2015). In contrast, more sul-

fated and oxidized glycosides have been reported within
species without CTs or with dysfunctional CTs such as
Holothuria hilla and Actinopyga echinites (Honey-
Escand6n et al., 2015). However, members of
Dendrochirotida and Apodida also showed different pat-
terns. Species of the order Apodida such as Synapta macu-
lata are considered the most primitive group of Holothurians.
They contain 3-O-methyl Glc-A in a carbohydrate chain
and an 8(9) double bond in the aglycone moiety, which
affects their membranolytic activity and hydrophilicity of
the glycosides (Avilov et al. 2008).

7.4  Discussion and Conclusions

Predation, the biological interaction where a predator eats its
prey, is a main driving force for community structure and eco-
system organization (Duffy and Hay 2001). It has been sug-
gested that before the development of physical defenses,
echinoderms used initially maternally derived chemical
defenses from early larval stages to protect themselves against
predators (Iyengar and Harvell 2001). Therefore, secondary
metabolites play an important role in chemical defense of
marine sessile and slow moving organisms and thus may
affect and shape the community structure and increase the
level of biodiversity of the ecosystem (Paul et al. 2007).
Unfortunately, there is still a lack of information with regard
to the ecological function of many MNPs, especially from
echinoderms, while various pharmacological activities (e.g.,
antiviral, antitumor) have been widely reported. This repre-
sents a research opportunity for chemical ecologists who
want to investigate how small modifications in molecules can
affect ecological functions and community structure.

As summarized in Table 7.2, echinoderms have proven to
be a rich source of bioactive compounds with most reported
compounds in Asteroids and Holothuroids reported as sapo-
nins. Although various steroidal compounds of starfishes
have been reported, only a few studies have investigated the
biological activities of these compounds. Within ophiuroids,
steroidal compounds, terpenes, and carotenoids have been
isolated, and their mode of action has been summarized as
antiviral and antitumor activities (Table 7.2).

The class Holothuria is a particularly rich source of MNPs
with a multitude of reported activities. In the past decades,
sea cucumbers have been increasingly harvested and con-
sumed due to their nutritional values (high protein, low
sugar, and no cholesterol (Liu et al. 2007, 2002; Wen et al.
2010) and their use in traditional medicine. Although a wide
spectrum of bioactivities such as cytotoxic, hemolytic, anti-
fungal, and immunomodulatory properties have been
described for different sea cucumbers, in the extraction and
compound purification process, often compounds with dif-
ferent chemical structures were combined, and thus the bio-
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logical function of the individual compounds remain largely
unknown. Therefore, their pharmaceutical potential has not
yet been fully explored, which make them still promising
candidates for the discovery of future MNPs with novel
pharmaceutical applications. Furthermore, past studies
focused largely on shallow-water holothurians, whereas
deep-water specimens encounter particular harsh physico-
chemical conditions. Such conditions include strong hydro-
static pressure, low temperature, and possibly oxygen
shortage, which could affect formation, structure, gene regu-
lation, and biosynthesis of secondary metabolites, thus mak-
ing deep-water specimens a potential interesting target for
future MNP screening campaigns.

Saponins are highly diverse, common, and abundant
MNPs in echinoderms. Among this group of the second-
ary metabolites, holothurins, holotoxins, cucumariosides,
and echinosids are the most abundant compounds in vari-
ous genera of sea cucumbers (Table 7.3). Most of the
reported triterpene glycosides in sea cucumbers showed
cytotoxicity as well as antifouling, antifungal, and anti-
bacterial effects of saponins (Miyamoto et al.
1990b; Aminin et al. 2015; Soliman et al. 2016), provid-
ing sea cucumbers with an effective chemical defense
mechanism against microbial attacks, fouling organisms,
and potentially predators.

The principal mechanisms for the bioactivities of triter-
pene glycosides are most likely changing membranolytic
effects and increased hydrophilicity of the compounds,
which may not only affect their bioactivities but also make
them potential trophic and taxonomic markers. Depending
on the marine habitat and the defensive responses of holothu-
rians, each group contains their own special mixture of sapo-
nins, which are often unique chemical signatures and thus
can be used in chemotaxonomy to differentiate most holo-
thurians at the family level. Furthermore, by studying
structure-activity relationships (SAR), taxonomists may be
able to predict physiological differences and their ecological
role within the organisms.

Defense responses of holothurians vary at order or family
levels, which is to some extend reflected in the stereochem-
istry of the saponins. The general evolution of aglycone is
based on the presence/absence or position of lactone, keto,
hydroxyl groups, and double bonds, which leads from low
oxidized to more oxidized compounds. The direction of gly-
cone evolution depends on the presence/absence or number
and position of sulfate and acetoxy groups, type of sugar
units and their (non)linear structure, as well as position of
methyl group. For example, Apodida are considered as the
most primitive sea cucumbers due to the presence of
3-O-methyl Glc-A in the glycone and 8(9) double bond in
the aglycone moiety. Among Holothuriida, Bohadschia is

the most primitive genus due to the presence of non-sulfated
glycosides and functional CT.

In summary, studying the evolutionary pattern of
structure-function relationships of holothurian’s triterpene
glycosides helps to understand their chemical-structural
diversity, taxonomic distribution, ecological function, as
well as bioactivity of the molecules, which can lead to a
more targeted and efficient assessment of MNPs with novel
pharmacological activities.
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Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 9: “Biodiversity of Benthic Holobionts: Chemical
Ecology and Natural Products Chemistry in the Spotlight.”
The original Call for Abstracts and the abstracts of the pre-
sentations within this session can be found in the Appendix
“Conference Sessions and Abstracts”, Chapter 7
Biodiversity of Benthic Holobionts: Chemical Ecology and
Natural Products Chemistry in the Spotlight”, of this book.
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Secondary Metabolites of Marine
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Abstract

Marine natural products (MNPs) exhibit a wide range of
pharmaceutically relevant bioactivities, including antibi-
otic, antiviral, anticancer, or anti-inflammatory proper-
ties. Besides marine macroorganisms such as sponges,
algae, or corals, specifically marine bacteria and fungi
have shown to produce novel secondary metabolites
(SMs) with unique and diverse chemical structures that
may hold the key for the development of novel drugs or
drug leads. Apart from highlighting their potential bene-
fit to humankind, this review is focusing on the manifold
functions of SMs in the marine ecosystem. For example,
potent MNPs have the ability to exile predators and com-
peting organisms, act as attractants for mating purposes,

Keywords

Marine natural products - Secondary metabolites -
Marine bacteria - Marine fungi - Crustose coralline algae
- Settlement - Coral larvae

8.1 Introduction: Definition of Secondary

Metabolism

Over millions of years, evolution has created a multitude of
diverse organisms and biocoenosis. Besides individual dif-
ferences within their appearance and way of life, the ability

or serve as dye for the expulsion or attraction of other
organisms. A large compilation of literature on the role
of MNPs in marine ecology is available, and several
reviews evaluated the function of MNPs for the afore-
mentioned topics. Therefore, we focused the second part
of this review on the importance of bioactive compounds
from crustose coralline algae (CCA) and their role during
coral settlement, a topic that has received less attention.
It has been shown that certain SMs derived from CCA
and their associated bacteria are able to induce attach-
ment and/or metamorphosis of many benthic invertebrate
larvae, including globally threatened reef-building scler-
actinian corals. This review provides an overview on bio-
activities of MNPs from marine microbes and their
potential use in medicine as well as on the latest findings
of the chemical ecology and settlement process of scler-

actinian corals and other invertebrate larvae.

P. J. Schupp (B<)

of absorbing, processing, and secreting substances from and
into the environment can be found in all living organisms
(Madigan et al. 2003). The biosynthesis and breakdown of
these substances, including proteins, fats, or nucleic acids, is
commonly known as primary metabolism with the com-
pounds involved known as “primary metabolites” (Dewick
2002; Dias et al. 2012). The primary metabolism of plants,
animals, humans, and prokaryotic microorganisms shows
great similarity and displays the essential uniformity of all
living matters; it thus serves as a driving force for the sur-
vival and reproduction of all life (Kreis 2007). In contrast,
the mechanism by which an organism synthesizes “second-
ary metabolites” (SMs), frequently associated with the term
“natural products” (NPs), is known as secondary metabolism
(Dias et al. 2012). SMs are defined as molecules with a
molecular weight ranging between 100 and 1000 Da
(Breinbauer et al. 2002) and, unlike primary metabolites, are
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often found to be unique to an organism or a specific taxo-
nomic group. They do not directly contribute to the basal
metabolism of its producing organism but rather act as cru-
cial factors to either attract, deter, or kill other organisms and
thus increase their likelihood of survival (Kreysa and Grabley
2007). For example, SMs have been found in both prokary-
otic and eukaryotic microorganisms, with unicellular bacte-
ria (e.g., Bacillus spp., Pseudomonas spp.), eukaryotic fungi
(e.g., Penicillium spp., Aspergillus spp.), filamentous actino-
myces (e.g., Streptomyces spp.), and terrestrial plants being
the most frequently studied and versatile producers (Bérdy
2005). Many SMs are only produced under specific circum-
stances to serve different purposes: they can exile predators
or competing organisms because of their toxic nature
(Dewick 2002), act as attractants toward the same species for
mating purposes (Gurnani et al. 2014), or serve as dyes for
the expulsion and attraction of other creatures (Pichersky
and Gang 2000). A possible explanation why organisms pro-
duce a high variety of bioactive SMs is that these molecules
provide producers with a selective advantage against com-
peting organisms and, furthermore, act as an adaptation to
environmental conditions (Jensen et al. 2005; O’Brien and
Wright 2011; Letzel et al. 2013; Macheleidt et al. 2016).
Moreover, several natural products (NPs) have the ability to
protect against nonbiological impacts, such as high light
intensities or elevated temperatures, and to obtain reproduc-
tion advantages for their producers (Ludwig-Miiller and
Gutzeit 2014). In the marine environment, SMs fulfill mani-
fold tasks for their producers as they, for instance, act as a
chemical defense against predators (Rohde et al. 2015;
Helber et al. 2017; Rohde and Schupp 2018) or have antimi-
crobial effects against pathogenic microbes (Goecke et al.
2010; Rohde et al. 2015; Helber et al. 2018). Furthermore,
MNPs are important for inducing larval settlement of benthic
invertebrates (Yvin et al. 1985; Morse et al. 1988; Tebben
et al. 2011, 2015; Harder et al. 2018), thereby maintaining
and controlling community functioning and population
dynamics. Besides their ecological impact, many NPs have
been reported to exhibit a wide range of medically relevant
bioactivities (Keller et al. 2005; Blunt et al. 2018), thus serv-
ing as promising molecules for the development of new
drugs or drug leads (Heilmann 2007).

8.2  Marine Natural Products Chemistry:
The Ocean as a Rich and Versatile

Habitat

The ocean covers more than 70% of our planet’s surface and
likely represents the origin of Earth’s life. In terms of species
diversity, certain marine ecosystems, such as coral reefs, are
thought to outnumber even tropical rain forests (Haefner
2003). Until today, the number of marine species that inhabit

the world’s oceans is not truly known; however, experts esti-
mated a number approaching 1-2 million species (Simmons
et al. 2005; Das et al. 2006). In the past, marine sponges were
an interesting source for novel NPs; these sessile organisms
can produce bioactive substances for chemical defense
against natural predators, such as fishes (Rohde et al. 2015),
as well as prevent overgrowth by competing organisms
(Proksch 1994; Ortlepp et al. 2006). Furthermore, sponges
serve as incubators for particular associated microorganisms
like bacteria and fungi that also can contribute to the produc-
tion of bioactive compounds (Radjasa et al. 2011; Wiese et al.
2011). Sponges being sessile, soft-bodied organisms, which
mostly lack morphological defenses like biological armature
or spines, depend to a large extend on bioactive metabolites
for their survival and the survival of their associated micro-
bial symbionts (Proksch et al. 2006). Accordingly, marine NP
research has its origin in the discovery of the two nucleosides
spongothymidine and spongouridine by Bergmann and
coworkers in the 1950s, who isolated both active compounds
from the Caribbean sponge Cryptotethya crypta (Bergmann
and Feeneyz 1951; Bergmann and Burke 1955). These two
SMs served as lead structures for the development of the syn-
thetic antivirals cytarabine (Fig. 8.la) and vidarabine
(Fig. 8.1b) (Mayer et al. 2010) and, therefore, display exem-
plarily the tremendous potential of MNPs for the develop-
ment of new drugs (Gulder and Moore 2009). Although
promising and still relevant, sponges and their associated
microorganisms are not the only marine source producing
bioactive compounds. Marine NP research has expanded its
efforts in exploring worldwide oceans and their inhabitants
from macro- to microorganisms as rich sources for novel
SMs. Until today, this resulted in new MNPs being continu-
ously described (Table 8.1) (Martins et al. 2014). For instance,
1163 novel compounds derived from marine organisms were
described only in 2013 (Blunt et al. 2015).

Over the past decades, it has been obvious that unknown
NPs are more likely found when high quality materials
from novel sources are examined (Goodfellow and Fiedler
2010). Unfortunately, the acquisition of marine organisms,
compared to that of terrestrial organisms, is often more dif-
ficult and thus making the exploration and collection of
marine samples (i.e., deep-sea organisms) very expensive
(Molinski et al. 2009). However, past progress in marine
technologies, such as easy accessible scuba diving equip-
ment as well as remotely operated vehicles (ROVs), facili-
tated the investigations beyond the intertidal areas and led
to the exploration of new marine organisms that can poten-
tially produce a huge range of novel chemical compounds
with unique bioactivities (Gerwick and Moore 2012). Since
many MNPs are released into the water, the concentration
of bioactive compounds is rapidly diluted via diffusion pro-
cesses, and thus MNPs must be highly potent to have a
long-reaching effect (Haefner 2003). Past studies have
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Fig.8.1 (a) Cytarabine and
(b) vidarabine (Mayer et al.
2010) (created with
ChemDraw, v. 16.0.1.4)
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Table 8.1 Pipeline of marine pharmaceuticals until 2018 (according to http://marinepharmacology.midwestern.edu/clinical_pipeline.html,

accessed 28 January 2018)

Compound Chemical class Source org. Therapeutic area Status 2018
Cytarabine Nucleoside Sponge Cancer FDA-approved
Vidarabine Nucleoside Sponge Antiviral FDA-approved
Ziconotide Peptide Cone snail Chronic pain FDA-approved
Trabectedin Alkaloid Tunicate Cancer FDA-approved
Brentuximab vedotin Antibody drug conjugate Mollusk Cancer FDA-approved
Eribulin mesylate Macrolide Sponge Cancer FDA-approved
Omega-3-acid ethyl ester Omega-3 fatty acid Fish Hypertriglyceridemia FDA-approved
Plinabulin Diketopiperazine Fungus Cancer Phase I1I
Plitidepsin Depsipeptide Tunicate Cancer Phase 111
Bryostatin Macrolide lactone Bryozoan Alzheimer’s Phase 11
Plocabulin Polyketide Sponge Cancer Phase II
Marizomib Beta-lactone-gamma-lactam Bacterium Cancer Phase [

Chemical structures of all compounds listed in this table can be found in Figs. 8.1 and 8.2

shown that MNPs cover a wide variety of biological activi-
ties (Fig. 8.3), such as anticancer (Nastrucci et al. 2012),
antibacterial (Hughes and Fenical 2010), antifungal, and
antiviral effects (Mayer et al. 2013), making them a prom-
ising source for novel drugs. Figure 8.3 shows that different
chemical classes of MNPs are showing equal proportions
among a vast set of bioactivities, leading to the assumption
that most chemical structures could either be developed or
serve as scaffolds for the development of new drugs against
various diseases (Hu et al. 2015).

Besides the investigation on marine invertebrates or
algae, modern marine biotechnology expanded its interests
onto the exploration of marine bacteria and fungi, since the
latter have been recognized as renewable producers of SMs
(i.e., under controlled laboratory conditions) in the drug
discovery process (Waters et al. 2010). Both, bacteria and
fungi associated with marine macroorganisms have shown
to be potent producers of bioactive substances, in some
cases with prominent activities against several pathogenic
germs, viruses, and tumor cells (Imhoff et al. 2011 and ref-
erences therein).

8.2.1 Marine Bacteria: Widely Distributed
Producers of Promising Natural

Products

Marine microorganisms managed to conquer every marine
habitat ranging from shallow and deep marine waters, polar
regions, and deep-sea hydrothermal vents to diverse coral
reef ecosystems. Particularly, the surface of macroorgan-
isms, such as algae, sponges, and corals, is a favorable eco-
logical niche for marine microorganisms. In many cases,
bacteria live in close association with higher organisms and
form symbiotic or mutualistic relationships (Lee et al. 2009;
Kazamia et al. 2012; Cooper and Smith 2015). There is
growing evidence that the microbial community composi-
tion on marine macroorganisms is habitat and even species
specific. Examples include differences in communities
found on the surface of different algae (Lachnit et al. 2009),
between different parts of the rhizoid and phylloid of the
brown alga Saccharina latissima (Staufenberger et al.
2008), between different sponge species (Thomas et al.
2016; Moitinho-Silva et al. 2017), as well as between outer
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Fig. 8.2 Selected marine pharmaceuticals. (a) Ziconotide, (b) trabect-  izomib (Mayer et al. 2010; modified from Lee et al. 2015; Pantazopoulou
edin, (¢) monomethyl auristatin E, (d) eribulin, (¢) omega-3 fatty acid, et al. 2018) (created with ChemDraw, v. 16.0.1.4)
(f) plinabulin, (g) plitidepsin, (h) bryostatin, (i) plocabulin, and (j) mar-
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Fig.8.2 (continued)
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Fig.8.3 Analysis of new marine-derived compounds from 1985 to 2012 according to chemical classes and biological activities (*PHVD, preven-
tion of heart and vascular disease; #xPN/NT, protection of neurons/neurotoxicity) (modified from Hu et al. 2015)

and inner parts of the sponge Tethya aurantium (Thiel et al.
2007). However, the great microbial diversity of marine
environments remains nearly untapped. Simon and Daniel
(2011) estimated that less than 0.1%, probably solely 0.01%,
of all microbes in the oceans have been characterized.
Molecular analysis of marine metagenomes revealed a great
number of phylogenetic lines of so far uncultured groups of
bacteria and archaea (DeLong et al. 2006; Simon and Daniel
2009; Hug et al. 2016). Besides their important roles in
shaping community structures and in mediating microbe-
microbe as well as microbe-host interactions, marine bacte-
ria are suggested to represent a treasure box of new
compounds for biotechnology. This assumption is due to
their high biodiversity and the gap of knowledge regarding
their potential of NP biosynthesis (Imhoff et al. 2011). Yet,
much evidence is given that marine bacteria produce new
compounds useful for the discovery of novel pharmaceuti-
cals (Rahman et al. 2010; Waters et al. 2010; Blunt et al.
2018). From 1997 to 2008, about 660 new marine bacterial
NPs were identified. Most of them originated from the
classes Actinobacteria (40%) and Cyanobacteria (33%),
followed by Proteobacteria (12%) and members of the
Bacteroidetes and Firmicutes (5%) (Williams 2009). In
comparison, 179 novel NPs have been isolated from marine
bacteria in 2016. This is only a moderate increase compared
to the average number of new marine bacterial compounds
in the last 3 years, but a significant increase from the aver-
age for the period of 2010 to 2012 (Blunt et al. 2018).
Members of the Actinobacteria are a rich source of NPs and
hold an unmatched capacity for the generation of new drugs
(Bull et al. 2005; Bull and Stach 2007; Fenical and Jensen

20006). The first bioactive compound extracted from a marine
actinomycete was the antibiotic SS-228Y, showing antibac-
terial activity to gram-positive bacteria. This biomolecule
was proposed to be a peri-hydroxyquinone derivative pro-
duced by Streptomyces purpurogeneiscleroticus (Chainia
purpurogena) collected from sea mud (Okazaki et al. 1975).
Until today, the genus Streptomyces continues to be a pro-
lific source of new and interesting chemistry; numerous
compounds showed exciting bioactivities. For example, S.
spinoverrucosus, isolated from a sand sample from the
Bahamian tidal flats, produced the dibohemamines A-C,
three new dimeric bohemamines. These compounds were
shown to be formed via a nonenzymatic process with form-
aldehyde, which was also detectable in the growth media.
Both metabolites dibohemamines B (Fig. 8.4a) and C exhib-
ited potent activity against lung cancer cells, with ICs, val-
ues of 140 nM and 145 nM, respectively (Fu et al. 2016).
Another Streptomyces sp. isolated from a marine sediment
sample collected off Oceanside, California, USA, produced
the ansalactams A-D. The novel ansalactam derivatives
(B-D) represent three new carbon skeletons and, therefore,
display the plasticity within the ansamycin biosynthetic
pathway. The latter three novel metabolites showed moder-
ate antibacterial activity against MRSA (methicillin-resis-
tant Staphylococcus aureus) (Wilson et al. 2011; Le et al.
2016). Apart from Streptomyces, species of the genera
Salinispora and Marinispora were found to produce struc-
turally novel bioactive compounds. A Salinispora tropica
strain was isolated from a sediment sample, collected from
a mangrove environment in Chub Cay, Bahamas. This strain
produced several p-lactone-gamma-lactams, the salinospo-
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Fig. 8.4 (a) Dibohemamine B (Fu et al. 2016), (b) arenamide B (Asolkar et al. 2009), (¢) marinomycin A (Kwon et al. 2006), and (d) dolastatin

10 (Bai et al. 1990) (created with ChemDraw, v. 16.0.1.4)

ramides, which represent a new family of SMs (Feling et al.
2003; Williams et al. 2005). Specifically, salinosporamide A
(marizomib; see Fig. 8.2j) displayed potent in vitro cytotox-
icity against HCT-116 human colon carcinoma with an ICs,
value of only 11 ng mL~'. Furthermore, this compound
showed great potency against NCI-H226 non-small cell
lung cancer, SK-MEL-28 melanoma, MDA-MB-435 breast
cancer, and SF-539 CNS cancer, all with LCs, values less
than 10 nm (Feling et al. 2003). As displayed in Table 8.1,
marizomib has entered Phase I human clinical trials for the

treatment of multiple myeloma (Martins et al. 2014; http://
marinepharmacology.midwestern.edu/clinical_pipeline.
html, accessed 28 January 2018). Asolkar et al. (2009)
found three new cyclohexadepsipeptides, namely, aren-
amides A—C, produced in the fermentation broth of a marine
Salinispora arenicola, isolated from a sediment sample.
Arenamide A and B (Fig. 8.4b) blocked TNF (tumor necro-
sis factor) induced activation in transfected 293/NFxB-Luc
human embryonic kidney cells in a time- and dose-depen-
dent manner with ICs, values of 3.7 uM and 1.7 pM, respec-


http://marinepharmacology.midwestern.edu/clinical_pipeline.html
http://marinepharmacology.midwestern.edu/clinical_pipeline.html
http://marinepharmacology.midwestern.edu/clinical_pipeline.html

166

L.-E. Petersen et al.

tively. The compounds also inhibited nitric oxide (NO) and
prostaglandin E, (PGE,) production with lipopolysaccha-
ride (LPS)-induced RAW 264.7 macrophages. The authors
suggest that the anti-inflammatory and chemoprevention
characteristics of arenamides A and B are worth further
investigation (Asolkar et al. 2009). Other examples for anti-
biotics with antitumor activity from marine Actinobacteria
are the marinomycins. A Marinispora strain, isolated from
an offshore sediment sample, produced the marinomycins
A-D. The most promising compound within this novel class
of polyketides is marinomycin A (Fig. 8.4¢). It shows selec-
tivity against several human melanoma cell lines with an
1Cs, value of 5 nM for SK-MELS5 melanoma cells (Kwon
et al. 2006). Besides Actinobacteria, members of marine
Cyanobacteria are known to produce bioactive SMs too.
For example, the peptide dolastatin 10 (Fig. 8.4d) was origi-
nally isolated from the sea hare Dolabella auricularia (Bai
et al. 1990) but was then shown to be produced by the cya-
nobacterium Symploca sp. (Luesch et al. 2001). This natural
product (NP) was used as a model for the synthetic develop-
ment of soblidotin, which has entered Phase III clinical tri-
als (Mayer et al. 2010). The cyclic depsipeptide largazole is
produced by another marine Symploca sp. and inhibited the
growth of highly invasive transformed human mammary
epithelial cells in a dose-dependent manner (Gls, 7.7 nM). It
induced cytotoxicity at higher concentrations (117 nM)
(Taori et al. 2008). All these examples show the potential of
marine  bacteria,  specifically and
Cyanobacteria, to produce chemicals that cover a broad
range of bioactivities and might be used for the generation
of novel drug candidates.

Actinobacteria

8.2.2 Marine Fungi: Bioprospecting
the Future

Compared to bacteria, the basic knowledge on marine fungi,
hereinafter referring to obligate and facultative marine fungi,
is still deficient in matters of diversity and ecological impor-
tance (Imhoff et al. 2011). The term “marine fungi” applies
rather to an ecological background than to a distinct taxon-
omy or a physiological approach (Kohlmeyer and Kohlmeyer
1979). Within biology, marine fungi are mainly separated
into two groups, namely, obligate marine fungi, which grow
and sporulate exclusively in marine habitats, and facultative
marine fungi, which originate from freshwater or terrestrial
milieus and are capable to grow also in the marine environ-
ment (Kohlmeyer and Kohlmeyer 1979). By 1996, mycolo-
gists estimated the number of marine fungi to be
approximately 1500 species, and by 2011, biodiversity esti-
mations of marine fungi were placed to be more than 10,000
species (Jones 2011).

According to Overy et al. (2014), the examination of new
substrata and geological locations will greatly increase the
number of total species through the rapid discovery of new
fungal species. However, marine fungal strains have been
isolated from nearly every possible marine habitat until
today, including soil and sediment (Wang et al. 2013; Simdes
et al. 2015), marine invertebrates (e.g., sponges and corals)
(Wiese et al. 2011; Amend et al. 2012), marine plants (e.g.,
algae) (Loque et al. 2010), and marine vertebrates (fishes)
(Rateb and Ebel 2011). Algae have been used primarily as a
source for bioprospecting fungal diversity, closely followed
by sponges and mangrove habitats (Fig. 8.5). Efforts to iso-
late these symbionts within new and sometimes extreme
habitats are still being made. A study on the fungal commu-
nity by a culture-dependent approach revealed that several
Antarctic sponges of the phylum Ascomycota were a rich
source of associated fungi and novel SMs, with some of
them showing antimicrobial, antitumoral, and antioxidant
potential (Henriquez et al. 2014). Furthermore, due to the
development of deep-sea instrumentation and new tech-
niques used for sampling, the deep-sea habitat emerged as a
new and highly promising source for marine fungal biodiver-
sity, and thus an excessive number of novel fungal specimen
have been retrieved (Wang et al. 2015). For example,
Burgaud et al. (2009) investigated the biodiversity of cultur-
able filamentous fungi and uncovered the presence of both
Ascomycota and Basidiomycota associated with different
deep-sea samples, including sediment, mussels, shrimps, and
smoker rock scrapings. However, as an outcome of the recent
bioprospecting efforts, biotechnological interests have
mostly turned to marine microorganisms and notably fungi
as a likely source for MNPs (Fig. 8.6) (Bhadury et al. 2006).

By 1992, only 15 marine fungal metabolites had been
described (Fenical and Jensen 1993), and this number rose to
270 until 2002 (Bugni and Ireland 2004). Within the period
from 2006 until mid-2010, Rateb and Ebel (2011) summa-
rized 690 NPs from fungi isolated from marine habitats. With
Penicillium spp. and Aspergillus spp. being the most potent
producers, their study revealed that nearly 50% of the com-
pounds are polyketides and their prenylated forms, whereas
alkaloids, terpenoids, and peptides contributed 15%-20%
(Rateb and Ebel 2011). A famous example of a NP from a
marine fungus is the diketopiperazine halimide (Fig. 8.6a), an
aromatic alkaloid of a marine Aspergillus sp. isolated from the
green alga Halimeda copiosa (Fenical 1999). Its synthetic
analog, plinabulin (Fig. 8.2f), is showing antitumor activity by
causing tubulin depolymerization, thereby leading to the dis-
ruption of tumor cells followed by necrosis of the tumor itself
(Gullo et al. 2006). Up to today, plinabulin is the only marine
fungal synthetic analog that has entered clinical trials and suc-
cessfully passed the first and second phase (Gomes et al. 2015;
www.beyondspringpharma.com/en/pipeline/, accessed 28
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January 2018). A further example was given by Pontius et al. moderate activity against Trypanosoma cruzi
(2008), who isolated chaetoxanthone B (Fig. 8.6b) from a (ICs, = 1.5 pg mL™") without or with only minimal cytotoxic-
marine Chaetomium sp., showing selective antimalarial activ- ity toward cultured eukaryotic cells. Another promising marine
ity against Plasmodium falciparum (ICsy = 0.5 pg mL™") and NP is the chlorinated benzophenone pestalone (Fig. 8.6¢),
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which has been isolated from the fungus Pestalotia sp., which
is associated with the brown alga Rosenvingea sp. and was
collected near the Bahamas Islands. Although pestalone was
only produced when Pestalotia sp. was cocultured with a
marine bacterium, this compound showed potent activities
against methicillin-resistant Staphylococcus aureus and van-
comycin-resistant Enterococcus faecium strains, indicated by
minimum inhibitory concentrations (MIC) of 37 ng mL~"' and
78 ng mL~!, respectively (Cueto et al. 2001). These latter
examples encourage the ongoing research activities on novel
marine fungal species for the future development of new
drugs. Considering that 38% of the approximately 22,000 bio-
active microbial metabolites are of fungal origin, and that only
about 5% of the world’s fungal taxa have been described,
fungi exhibit a tremendous potential for the discovery of novel
bioactive SMs (Schulz et al. 2008). To avoid the rediscovery of
already known compounds, specialized and effective derepli-
cation strategies need to be constantly employed (Martins
etal. 2014). For this purpose, the most common techniques are
a combination of chemical compound separation hyphenated
to various spectroscopic or mass-selective detection methods
such as high-performance liquid chromatography (HPLC)
coupled to either a diode array detector (HPLC-DAD) or a
mass spectrometer (HPLC-MS) (Wolfender et al. 2010).
Besides nuclear magnetic resonance (NMR) spectroscopy,
HPLC-MS is another predominant analytical technique for the
fast detection and identification of SMs and other small mol-
ecules. A major advantage of MS over NMR is that MS-based
methods are far more sensitive, making it the method of choice
when it comes to first-pass compound detection and identifica-
tion in high-throughput screening applications (Carrano and
Marinelli 2015). Moreover, it provides accurate mass even
within the nanogram range, which can be used as a search
criterion or query in nearly all NP databases (Nielsen et al.
2011). On the contrary, NMR is by far the most efficient
method to unambiguously elucidate complex structures of
small molecules (Hubert et al. 2017). One of its advantages
compared to MS strategies is that it serves as a quantitative
analysis without the need of a suitable reference material
(Kurita and Linington 2015). The 'H-NMR is also useful for
evaluating the purity of a given sample. For example, impuri-
ties such as lipids are somewhat invisible in HPLC-DAD-MS
techniques due to their low UV absorption, hydrophobicity,
and contumaciousness to ionization, but they can easily be
seen in '"H-NMR (Carrano and Marinelli 2015). After the col-
lection of UV/VIS absorption spectra, molecular mass, and
further structure data, the gained information needs to be com-
pared with database entries. Over the decades, many different
databases covering a wide range of compounds have been
established (Mohamed et al. 2016; Guijas et al. 2018), includ-
ing general compound libraries like SciFinder (www. sci-
finder.cas.org, accessed 28 January 2018), NP libraries such as

AntiBase (www.wiley-vch.de/stmdata/antibase.php, accessed
28 January 2018) or Dictionary of Natural Products (dnp.
chemnetbase.com, accessed 28 January 2018), and even some
free-to-use databases like ChemSpider (www.chemspider.
com, accessed 28 January 2018), PubChem (pubchem.ncbi.
nlm.nih.gov, accessed 28 January 2018), or Metlin (metlin.
scripps.edu, accessed 28 January 2018). In addition to this
widespread dereplication approach, fragmentation-based MS
methods, also referred to as MS/MS or tandem mass spec-
trometry, in combination with molecular networking are
receiving increasing attention for the identification of unknown
compounds. For example, the Global Natural Products Social
(GNPS) molecular networking website (http://gnps.ucsd.edu)
is an open-access knowledge base that aims to let NP chemists
work together and share their raw, processed, or identified
MS/MS spectrometry data. We believe that crowdsourced
curation of freely available reference MS libraries as well as a
fast-growing database of MS/MS spectra will rapidly acceler-
ate the annotation and thus the search of prior unknown com-
pounds (Wang et al. 2016; Kind et al. 2017; Quinn et al. 2017).

8.3  Marine Chemical Ecology: Predator-

Prey Interactions and Competition

During the last decades, marine chemical ecology has evolved
from a young science with mostly NP chemists finding new
SMs with potentially obscure ecological functions into a
matured research field that simultaneously combines chemical
and biological aspects. Besides their side effect of exhibiting
utilizable bioactivities for humankind, chemical cues possess
major influences on every organizational level in the marine
system. Several reviews highlight the importance of chemical
communication between benthic and pelagic organisms for a
better understanding of marine ecosystem functioning (i.e.,
Hay 1996, 2009; Sieg et al. 2011; Paul et al. 2011; Puglisi
et al. 2014). However, most marine organisms are rather orga-
nized in highly biodiverse and productive communities occur-
ring in ocean fringes, such as coral reefs or offshore zones,
than being distributed all over the ocean (Simmons et al. 2005;
Das et al. 2006). Many of these biological communities are
characterized by the presence of extremely harsh conditions in
matters of UV radiation (light stress at water surface), tem-
perature, pressure, and salinity. In addition to these environ-
mental stressors, sessile benthic organisms are often in strong
competition for available resources such as space (to settle and
grow) and nutrients. As a result, survival and reproduction
between the competing organisms can strongly depend on
their ability to produce bioactive SMs (de Carvalho and
Fernandes 2010). These bioactive substances can perform
various tasks for their producers and associated organisms; for
instance, SMs work as a chemical defense against predators
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(Pohnert 2004; Kubicek et al. 2011; Rasher et al. 2013; Rohde
et al. 2015; Helber et al. 2017), function as attractants toward
consumers (Sakata 1989), have antimicrobial effects against
pathogenic microbes (Goecke et al. 2010; Puglisi et al. 2014;
Helber et al. 2018), guide the opposing sex by letting individu-
als find and evaluate potential mating partners through chemi-
cal cues (Lonsdale et al. 1998; Li et al. 2002), or act as
settlement cues for invertebrate larvae to initiate the
transformation into a sessile, juvenile form (Morse et al. 1988;
Heyward and Negri 1999; Negri et al. 2001; Kitamura et al.
2009; Tebben et al. 2011, 2015; Sneed et al. 2014). For exam-
ple, different classes of macroalgae defend themselves chemi-
cally against herbivores and produce SMs with antimicrobial
and antifouling activity (Schupp and Paul 1994; Paul et al.
2014; Schwartz et al. 2016). Specifically, brown algae of the
family Dictyotaceae produce several classes of diterpenes that
defend their producers against herbivores but have also shown
activity against other competitors. It has been reported that
natural concentrations of a diterpene of the dolastane class
(Fig. 8.7a), originally isolated from the brown alga
Canistrocarpus cervicornis, reduce feeding activity by the sea
urchin Lytechinus variegatus (Bianco et al. 2010). In a study
of Craft et al. (2013), lipophilic extracts of nine subtropical
algae were offered to four subtropical and three cold-temper-
ate sea urchins at two concentrations. While the extracts of the
subtropical marine algae Caulerpa sertularioides, Dictyota
pulchella, and D. ciliolate deterred all urchins, the other mac-
roalgae extracts from the cold-adapted areas led to different
feeding resistance patterns. Apart from anti-herbivore activity,
many macroalgae are known for their antimicrobial and anti-
fouling activity (Goecke et al. 2010, 2012; Pérez et al. 2016;
Schwartz et al. 2017). A review by Harder et al. (2012) high-
lights the crucial role of halogenated furanones (Fig. 8.7b, c)
within the red alga Delisea pulchra and how these compounds
interact with the associated bacteria. The halogenated fura-
nones deter fouling by bacterial pathogens and epiphytic bac-
teria through interference with bacterial quorum sensing. By
imitating quorum sensing-mediating acyl homoserine lactones
to block the same receptor sites, halogenated furanones can
manipulate bacterial colonization and biofilm formation as
well as bleaching and diseases caused by pathogenic bacteria.
Besides macroalgae, sponges and their associated microbes
are another prolific source of potentially novel NPs with prom-
ising bioactivities. Although the ecological role of sponge
crude extracts has been evaluated for numerous sponge spe-
cies, assignment of activities to specific NPs is lacking behind.
Investigated bioactivities included antipredatory, antifouling,
antimicrobial, and allelopathic functions (Rohde et al. 2015;
Helber et al. 2017, 2018). Several studies are providing evi-
dence that sponges are chemically defended from predation
and pathogens by compounds that either the host or other
associated microorganisms had produced (Pawlik 2011;

Hentschel et al. 2012). The Mediterranean sponge Axinella
verrucosa, collected from the Gulf of Naples, Italy, produces
hymenidin (Fig. 8.7d) and debromo-carteramine A (Fig. 8.7e),
two bromopyrroles that are also known from other sponges.
The n-butanol part of the A. verrucosa extract, containing the
two bromopyrroles as well as the pure hymenidin, showed
activity against microbial fouling and deterred feeding by the
generalist shrimp Palaemon elegans at naturally occurring
concentrations (Haber et al. 2011).

Several studies have shown that sponges of the same
genus and even of the same species can produce different
SMs. This circumstance raises the question to what extend
SMs have evolutionary advantages for the survival of
sponges. A study of Noyer et al. (2011) showed that several
populations of Spongia lamella, collected in the
Mediterranean Sea, spanning a region of 1200 km, had an
extremely high intraspecific chemical diversity. While nit-
enin (Fig. 8.7f) and ergosteryl myristate (Fig. 8.7g) were the
major metabolites, the number of compounds as well as their
concentrations changed among populations collected from
different geographic locations. The authors suggested that
these variations may have been due to both genetic and envi-
ronmental factors. A further study on S. lamella revealed that
the populations from the five regions (Portugal, Gibraltar,
Baleares, Catalonia, and South France) significantly differed
within their genetic and chemical diversity as well as their
associated bacteria (Noyer and Becerro 2012). Similarly,
Rohde et al. (2012) found different metabolites and com-
pound concentrations in the tropical sponge Stylissa massa
across different ocean basins and within sites. Compound
concentration varied among individuals, and no correlation
between compound concentrations and factors such as depth,
UV, predation, and microbial growth could be identified. The
authors concluded that concentrations could be affected by
other selective pressures such as water temperature, water
quality, light conditions, and food availability or that the
observed variations reflected population-specific constitutive
defenses. Another activity that has received increased atten-
tion recently are allelopathic actions of sponges by which
they can outcompete scleractinian corals. Sponges have
become an increasingly dominant species in the Caribbean
reefs (Maliao et al. 2008; Colvard and Edmunds 2011; Perry
et al. 2013; Villamizar et al. 2013; Loh and Pawlik 2014) and
to a lesser extend in the Indo-Pacific (Bell and Smith 2004;
Bell et al. 2013; Helber et al. 2017) as coral reef systems are
permanently threatened by multiple decades of loss of reef-
building corals due to climate change, disease, and pollution.
In contrast to the calcium carbonate skeleton of corals,
sponge skeletons are made of silica or protein, making them
less sensitive to ocean acidification and temperature shifts
(Pawlik 2011; Bell et al. 2013). Apart from being environ-
mentally more robust, sponges can also outcompete corals
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by chemically affecting the coral symbionts through alle-
lopathy. Crude extracts of several sponges collected from the
Caribbean reefs were embedded in stable gels at natural con-
centrations and caused a decrease in the photosynthetic
potential of the symbiotic zooxanthellae from the brain coral
Diploria labyrinthiformis. Interestingly, sponge extracts
influenced the symbiotic zooxanthellae in two ways: impair-
ing photosynthesis with bleaching and with only little or no
bleaching at all (Pawlik and Steindler 2007). Similarly,
organic extracts of three sponges collected from Zanzibar
reduced the photosynthetic performance of symbionts in the
scleractinian coral Porites sp. (Helber et al. 2018). In addi-
tion to allelopathy on adults, it has been reported that sponge-
derived SMs can negatively affect invertebrate larvae
settlement too (Thompson 1985; Thompson et al. 1985;
Bingham and Young 1991; Hellio et al. 2005). Since there
have been several reviews in recent years on the role of SMs
in chemical ecology and specifically chemical defense (Paul
et al. 2011; Pawlik 2011; Rohde and Schupp 2018), we
decided to focus in the remaining part of this review on the
role of SMs during the settlement process of invertebrates (a
role which has to this point received less attention).

8.3.1 Marine Invertebrate Larvae Settlement:

Role of Secondary Metabolites

Many benthic marine invertebrates such as corals, sponges,
mussels, or worms have a planktonic phase followed by a
metamorphic event that transforms them into a less mobile or
immobile, sessile benthic form. Since the process of attach-
ment and metamorphosis for most organisms is generally
irreversible (Thorson 1950), the choice of a suitable location
for settlement is crucial for invertebrate larvae regarding sur-
vival, population dynamics, and community functioning. In
the past, two models have been developed to explain the
settlement of marine invertebrate larvae: (1) the stochastic
model postulated that the settlement process happens ran-
domly as soon as suitable substrate becomes available and
that postmetamorphic events arrange the final distribution of
juveniles, and (2) the deterministic model suggested that
specific environmental factors determine the attachment and
metamorphosis of larvae as well as their final distribution.
Nowadays, there is great evidence that the settlement process
of invertebrate larvae is mainly biologically and chemically
driven, although environmental parameters may also influ-
ence settlement behavior (Sebens 1983; Morse et al. 1988;
Mundy and Babcock 1998; Lau and Qian 2001; Lau et al.
2005; Tebben et al. 2015; Da-Anoy et al. 2017). Chemical
settlement cues are produced by a variety of marine organ-
isms. Some invertebrate larvae like to settle among individu-
als of their own species, while others preferably settle upon
other species, resulting in gregarious or associative settle-

ment, respectively. Gregarious settlement has been reported
for many phyla including polychaete worms and barnacles
(Hadfield and Paul 2001). Live adults of the polychaete
Hydroides dianthus were capable of eliciting gregarious set-
tlement responses in conspecific larvae. Interestingly, settle-
ment in response to live adults with or without their tubes as
well as to their amputated tentacular crowns was signifi-
cantly greater compared to dead worms, empty tubes, or bio-
film covered slides. Moreover, after extraction of aggregations
of adult worms with organic solvents, the inductive capacity
of the remaining tissue was lost, and the activity went into
both the nonpolar and polar fractions of the crude extract
(Toonen and Pawlik 1996). Gregarious settlement of inverte-
brate larvae has long been assumed to be induced by contact
with adult conspecifics (Crisp and Meadows 1962, 1963;
Clare and Matsumura 2000). It has been shown that a glyco-
protein with high molecular weight isolated from the adult
barnacle Amphibalanus amphitrite, termed the settlement-
inducing protein complex (SIPC), induced settlement of
cypris larvae (Matsumura et al. 1998; Dreanno et al. 2006).
Nevertheless, there are reports showing that waterborne cues
are able to induce gregarious settlement as well. Endo et al.
(2009) isolated a previously undescribed ~32-kDa water-
soluble protein from extracts of A. amphitrite adults that is
distinct from SIPC and induced settlement of cyprids. This
protein quickly induced searching behavior of conspecific
larvae and was therefore proposed to act as a waterborne
settlement pheromone. Elbourne and Clare (2010) provided
evidence that settlement of A. amphitrite larvae can be
induced by an unknown waterborne cue produced by con-
specific adults both in the field and in the laboratory. These
authors suggest that the ecological role of water-soluble set-
tlement cues might be to facilitate the transition of inverte-
brate larvae out of the plankton by stimulating searching
behavior, rather than attachment and metamorphosis caused
by surface-bound settlement cues. Besides gregarious settle-
ment, associative settlement is another form and can be
divided into several subcategories, including herbivorous/
predatory relationships, parasitic relationships, and nonpara-
sitic or symbiotic relationships. There are already some fully
and partially characterized chemical compounds described;
however, their ecological relevance often remains obscure
(Pawlik 1992; Hadfield and Paul 2001). The quinol jacara-
none (Fig. 8.8a), isolated from the red alga Delesseria san-
guinea, induces larval settlement in Pecten maximus (Yvin
et al. 1985), although this scallop has previously not been
described to settle on this kind of red alga with any specific-
ity (Chevolot et al. 1991; Nicolas et al. 1998). Another exam-
ple is given by Williamson et al. (2000), who at first isolated
a water-soluble complex of the sugar floridoside and isethi-
onic acid in a 1:1 ratio from Delesseria pulchra. This
floridoside-isethionic acid complex induced metamorphosis
and reversible settlement in the sea urchin Holopneustes pur-
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purascens. In a following study, Swanson et al. (2004) were  of H. purpurascens. As larval settlement can be distinguished
unable to reproduce these results. Instead, they found that between searching, attachment, and metamorphosis (see
histamine (Fig. 8.8b), isolated from the polar extract of D. Fig. 8.9; exemplarily shown for coral larvae), it is question-
pulchra, induced rapid settlement in 80—100% of the larvae able if a single cue can induce the settlement chain or if sev-
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eral different cues are sequentially involved. Several studies
on the settlement of different marine invertebrate larvae have
indeed proven that single molecules can induce the whole
chain of settlement, although only a few catalysts have been
fully chemically characterized (Yvin et al. 1985; Pawlik
1986; Pawlik et al. 1991; Tsukamoto et al. 1999; Swanson
et al. 2004; Dreanno et al. 2006). Only three of the latter
studies have supported the ecological role of their investi-
gated signaling molecules by also applying ecologically
realistic concentrations (Pawlik 1986; Swanson et al. 2004;
Dreanno et al. 2006). Meanwhile, tetrabromopyrrole
(Fig. 8.8c), a tetrabrominated pyrrole, has been isolated from
a marine Pseudoalteromonas sp. associated to the crustose
coralline algae (CCA) Neogoniolithon fosliei, showing set-
tlement activity in larvae of the branching stony coral
Acropora millepora. Interestingly, coral larvae directly
underwent metamorphosis by developing into primary pol-
yps within a few hours, but only a small amount of them
conducted attachment to the substratum, a process nor-
mally administered before metamorphosis is initiated
(Tebben et al. 2011). Somewhat the same applies to
11-deoxyfistularin-3 (Fig. 8.8d), a bromotyrosine deriva-
tive that has been isolated from an unnamed CCA overgrow-
ing coral rubble collected in Okinawa, Japan. This secondary
metabolite induced solely metamorphosis in larvae of the
scleractinian coral Pseudosiderastrea tayamai.
Metamorphosis activity was further enhanced by the addi-
tion of fucoxanthinol and fucoxanthin, which are two carot-
enoids that had been isolated from the same CCA as well
(Kitamura et al. 2007). Given the high number of studies on
marine invertebrate settlement, it is very likely that addi-
tional examples of larvae relying on waterborne or surface-
bound cues for gregarious and associative settlement will be
described in the future. Furthermore, we are convinced that
future studies will not only focus on the discovery of novel
chemical settlement cues but also provide more information
on their role in the mechanism of the settlement cascade and
on their broader ecological functions.

8.3.2 Coral Larvae Settlement: Search
for Novel Settlement Cues

Coral reefs are among the world’s most diverse ecosystems
and serve as nursery grounds and feeding areas for many
reef-dependent animal species. Due to their relative complex
physical structure, coral reefs shape the otherwise flat sea
floor into a three-dimensional structure that provides a com-
bination of food and shelter for a high biomass of commer-
cially important fish species and other associated fauna
(Moberg and Folke 1999). Besides their manifold ecosystem
services, coral reefs affect humankind by having a major

impact on economy and politics. Coral reefs provide food via
commercial fisheries (Pauly et al. 2002), protect coastlines
from destruction by waves (Barbier et al. 2011), and generate
income from food and tourism (Bellwood et al. 2004).
Unfortunately, corals reefs are also highly threatened ecosys-
tems with some local and global factors being responsible.
Local factors include declining water quality, destructive
fishing, and increased pollution from urban areas. Global
factors are global warming and ocean acidification, due to a
dramatic rise of carbon dioxide levels in the atmosphere over
the past century (Hoegh-Guldberg et al. 2007). Stony “reef-
building” corals (Scleractinia) live in symbiosis with micro-
algae named zooxanthellae, which provide their coral hosts
with up to 90% of their energy through photosynthesis
(Stanley 2006). This relationship can be disrupted by envi-
ronmental stressors such as long-lasting temperature
increases together with intense periods of high sun irradi-
ance. As a response to the latter stressor, corals expel their
algae and thus lose their photosynthetic pigments at the same
time, leading to the phenomenon of skeletal-looking bright
white corals, a process better known as “coral bleaching”
(Ainsworth et al. 2016; Heron et al. 2016). Such bleaching
events have been increasing in the last two decades, thereby
affecting reefs on a global scale. The severity of events
caused coral mortalities of over 60% in some locations
(Eakin et al. 2010; Hughes et al. 2017). Predicted impacts of
persistent bleaching events include a reduction of reef biodi-
versity and coral cover, up to the total extinction of local
coral species (Brainard et al. 2011, 2013). Furthermore,
ocean acidification decelerates the calcification of corals by
reducing the concentration of carbonate (CO;*7), and thus
making it even less available for marine calcifiers (Hoegh-
Guldberg et al. 2007). To counteract the fast and massive
coral decline, a better understanding of the recovery and
population dynamics of stony corals needs to be developed.
because threatened coral reef systems depend on the recruit-
ment of new individuals (Mumby and Steneck 2008). The
recruitment process can be divided into (1) the development
of competent larvae in the water column (spawners) or within
the corals itself (brooders), (2) the settlement (searching,
attachment, and larval metamorphosis) onto suitable sub-
strata (Fig. 8.9), and (3) the survival of juvenile corals
(Ritson-Williams et al. 2009). Since the survival rate of juve-
nile corals is likely influenced by the type of substratum cho-
sen for settlement (Harrington et al. 2004; Ritson-Williams
et al. 2010), finding a suitable settlement ground may be a
critical step within the recruitment process.

Although chemical cues are believed to serve as the pri-
mary determinants of coral settlement, to some extent, physi-
cal properties have shown to influence coral larvae settlement
as well. In a field study, larvae of five different species of scler-
actinian corals, including Goniastrea favulus, G. aspera,
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Acropora tenuis, Oxypora lacera, and Montipora peltiformis,
have shown to favor locations with lower light intensity
(Mundy and Babcock 1998). Also, a study by Mason et al.
(2011) demonstrated that both larvae of Porites astreoides and
Acropora palmata consistently settled on different red or red-
orange plastic materials while, at the same time, disdaining
other colors such as green, blue, or white. It was suggested that
this consistent response to red or reddish surfaces is related to
long-wavelength photosensitivity and thus might be a poten-
tial strategy to artificially promote coral larvae settlement.
Over the past decades, many studies have shown that coral
larvae settle in response to either live CCA or organic extracts
of CCA. For instance, larvae of the agariciid corals Agaricia
tenuifolia, A. humilis, and A. agaricites have reported to settle
to different degrees of stringency and specificity on Caribbean
CCA, specifically Hydrolithon boergesenii. The responsible
morphogenic inducer was fractionated by ultrafiltration and
shown to be a water-insoluble, ether-insoluble, and acetone-
insoluble unstable biochemical, which is apparently associ-
ated with the cell walls of the inducing CCA (Morse et al.
1988). Further studies by Morse and Morse (1991) have shown
that the inductive molecule is a sulfated glycosaminoglycan. A
field study of Price (2010) showed that larvae of several scler-
actinian corals, including Pocillopora spp., Acropora spp., and
Porites spp., do indeed prefer specific CCA species for in situ
settlement, as they recruited more frequently on Titanoderma
prototypum than on other CCA. A similar settlement specific-
ity has been demonstrated for larvae of the scleractinian corals
A. palmata and Montastraea faveolata. The latter two species
have been tested for their rates of settlement on ten different
species of red algae, including eight different CCA species,
resulting in strong settlement preferences of larvae from both
corals to different CCA. A. palmata settled on surfaces of H.
boergesenii, Lithoporella atlantica, Neogoniolithon affine,
and Titanoderma prototypum, but showed no settlement on N.
mamillare. Larvae of M. faveolata settled on surfaces of
Amphiroa tribulus, H. boergesenii, N. affine, N. munitum, and
T. prototypum, but no settlement occurred on N. mamillare,
Porolithon pachydermum, and a noncoralline Peyssonnelia sp.
The authors of this study suggested that patterns of coral dis-
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tribution might be dependent on the red algae distribution
(Ritson-Williams et al. 2014). However, in many cases of
coral larvae settlement, the chemical identity of the pre-
sumed settlement-inducing molecule is just poorly described
or remains largely unknown. In the past, the identity of these
CCA-associated chemical cues was presumed to be cell
wall-bound and thought to be some kind of high molecular
mass polysaccharides (Morse and Morse 1991; Morse et al.
1994, 1996). Other studies chemically fully described the
chemical signaling molecules; however, the detected cue
often did not initiate the entire settlement cascade (e.g.,
11-deoxyfistularin-3, Fig. 8.8d) (Kitamura et al. 2007) or
just function as a settlement enhancer, such as luminaolide
(Fig. 8.8e). The macrodiolide luminaolide was originally
isolated from the CCA H. reinboldii and greatly enhanced
the metamorphosis activity in Leptastrea purpurea when
combined with another fraction that eluted at 80% aqueous
methanol by octadecyl silica gel column chromatography
(Kitamura et al. 2009; Maru et al. 2013). Interestingly, chem-
ical inducers for larval settlement were also discovered in
coral rubble and the skeleton of the massive coral Goniastrea
sp. (Heyward and Negri 1999), indicating that coral larvae
settlement can be either induced by a variety of chemical
cues or by specific cues from multiple sources. In the past,
bacterial biofilms have received notable attention as suitable
settlement ground for many marine invertebrate larvae
(Johnson et al. 1991; Pawlik 1992; Huang and Hadfield
2003; Huggett et al. 2006; Hadfield 2011). It was shown that
coral reef biofilms, which were more than 2 weeks old, are
able to induce settlement in the scleractinian A. microph-
thalma. FISH (fluorescence in situ hybridization) analysis
revealed that the overall community composition of these
biofilms was dominated by classes of Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, and Cytophagia-
Flavobacteria of Bacteroidetes (Webster et al. 2004). Apart
from bacterial multispecies biofilms, a specific strain belong-
ing to the genus Pseudoalteromonas (Pseudoalteromonas
A3) isolated from the CCA H. onkodes was able to induce
full settlement, including attachment and metamorphosis,
in the reef-building corals A. willisae and A. millepora
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(@)

Fig. 8.10 Chemical structures of (a) (2S)-1-O-(7Z,10Z,13Z-
hexadecatrienoyl)-3-O-p-D-galactopyranosyl-sn-glycerol and (b) (2R)-1

-O-(palmitoyl)-3-O-a-D-(6'-sulfoquinovosyl)-sn-glycerol (Tebben et al.
2015) (created with ChemDraw, v. 16.0.1.4)
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(Negri et al. 2001). Another metamorphosis-inducing cue,
named tetrabromopyrrole, was also isolated from a
Pseudoalteromonas sp. (Tebben et al. 2011). This compound
might have widespread importance among Caribbean corals
as it induced settlement in the brooder Porites astreoides as
well as in the spawning species Orbicella franksi and A. pal-
mata (Sneed et al. 2014). Further studies on the ecological
relevance of Pseudoalteromonads and tetrabromopyrrole in
the coral settlement process revealed that the respective bacte-
ria and its compound did not elicit the same rates of coral lar-
vae settlement as CCA and instead introduced morphogenic
processes that are often fatal to the larvae. Instead it was found
that CCA-derived molecules, belonging to the chemical
classes of glycoglycerolipids (Fig. 8.10a, b) and high molecu-
lar weight polysaccharides, are the major contributors of the
mixed fractions and caused larval settlement at equivalent
concentrations present in live CCA (Tebben et al. 2015).

8.4  Conclusions

Secondary metabolites are investigated for their outstanding
pharmaceutical applications as well as for their ecological
relevance. Many MNPs have been found to elicit a broad
range of bioactivities and, therefore, continue to be a prolific
source for the generation of new drugs or drug leads. We
believe that the exploration of new and extreme habitats will
advance the discovery of novel macro- and microorganisms
and, thus, might lead to the detection and isolation of novel
NPs. Specifically, marine fungi still represent an underesti-
mated but rich source for new SMs, although their distribu-
tion and ecological role often remains scarce. The
hyphenation of state-of-the-art techniques such as chromato-
graphic separation, mass spectrometry, and nuclear magnetic
resonance spectroscopy is a suitable way to facilitate NP
screening effort. Particularly, the use of multiple secondary
metabolite databases as well as MS/MS approaches in com-
bination with molecular networking makes the search for
novel NPs more efficient and, at the same time, lowers the
risk of rediscovery. In terms of chemical ecology, SMs fulfill
manifold roles for their producers. Besides predator-prey
and algae-herbivore interactions, marine chemical ecology
has also shifted its focus on marine invertebrate settlement
behavior. Specifically, the role of SMs as signaling mole-
cules for coral larvae settlement has gained interest during
the last decades. CCA and their associated microorganisms
are the best-known sources for coral larvae settlement cues,
but until today, only few settlement compounds have been
chemically fully described. Furthermore, the knowledge of
the interplay between coral larva, settlement cue, settlement
cue-producing organism (may it be the CCA or its associated

microbes), and other environmental factors such as light
intensity is still limited and needs to be improved for a deeper
comprehension of coral reef functioning. We are only at the
beginning of understanding the role of SMs in the marine
environment and many fascinating discoveries are yet to
come.
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Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 9: “Biodiversity of Benthic Holobionts: Chemical
Ecology and Natural Products Chemistry in the Spotlight.”
The original Call for Abstracts and the abstracts of the pre-
sentations within this session can be found in the Appendix
“Conference Sessions and Abstracts”, Chapter 7
Biodiversity of Benthic Holobionts: Chemical Ecology and
Natural Products Chemistry in the Spotlight”, of this book.
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Sponges Revealed: A Synthesis of Their
Overlooked Ecological Functions Within
Aquatic Ecosystems
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Abstract

While sponges are the oldest still living multicellular ani-
mals on this planet and omnipresent within aquatic eco-
systems, they have not been studied nearly as much
compared to the recognized ecosystem drivers in coral
reefs: corals, algae, and fish. We therefore want to take
this opportunity to illustrate the diversity, functionality,
and sheer survivability of these ancient animals. Beyond
its multitude of external shapes and colors, sponges hold
a unique internal aquiferous system. This system of affer-
ent and efferent canals is intricately linked to supply its
key function as a filter feeder. By filtering both particulate
and dissolved material, sponges fill a niche in nutrient
cycling. Moreover, the survivability of sponges is demon-
strated in the variety of habitats it resides in; from fresh-
water canals to polar deep seas. In formerly uninhabitable
environments, sponges can potentially create biodiversity
hotspots by providing habitat complexity and shelter from
predators. This review will give insight into the early life
history, morphology, diet, and reproduction of sponges.
Furthermore, it is imperative to consider their function as
habitat facilitator, nutrient cycler, and, last but not the
least, their potential for future pharmaceuticals. The
emphasis in the proceedings has been specifically put on
the role of sponges as nutrient cycler as they play a role in
the three essential elements: carbon, nitrogen, and phos-
phorous. With all this in mind, it should be clear that even
though sponges are relatively overlooked marine inverte-
brates, they should be studied similarly to corals and
respected as a key ecosystem driver in novel and estab-
lished environments.
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9.1 Introduction

Ever since marine research has been documented several
hundreds of years ago, we usually consider coral reefs as
iconic examples of biological hotspots. These reefs have pro-
vided potential services to the ecosystem, among them are
their services for early humans to maintain nutritional
uptake. We have typically considered coral reefs to consist of
three big ecosystem drivers: corals, algae and fish. Yet, within
these coral reefs lie a less familiar but equally important
builder and energy conveyer: sponges. Slowly, recognition
develops that sponges are key ecosystem engineers. They
have the capacity to retain nutrients and transform them into
a bio-available form back into their surrounding habitat
while providing protection for motile fauna. In fact, on
Caribbean coral reefs, sponges usually show a higher diver-
sity and higher abundance compared to corals (Diaz and
Riitzler 2001).

However, apart from these iconic coral reefs, there is a
multitude of habitats in which sponges thrive (Gili and Coma
1998). Habitats can range from the deep sea to turbulent
freshwater canals among cities. Within these various habi-
tats, sponges perform important so-called benthic-pelagic
coupling, which is a crucial ecosystem service to recycle
pelagic nutrients toward the benthos that would otherwise be
unavailable to higher trophic levels (Griffiths et al. 2017).
For example, the Caribbean giant barrel sponge Xestospongia
muta shows a large role in the carbon transfer from the water
column to the benthos (McMurray et al. 2017). Moreover, it
could be suggested that, in previously uncolonized marine
environments, sponges are among the first settlers creating a
three-dimensional habitat, allowing benthic ecosystem
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hotspots to develop. However, research is needed to eluci-
date the potential functional role of sponges as ecosystem
engineers.

Apart from the potential functional role sponges fulfill,
there is also a wide debate on the phylogenetic relationship
among major animal lineages; yet recent research has shown
through genomic data that sponges rather than the proposed
comb jellies (Dunn et al. 2008) can be interpreted as the sis-
ter group to the remaining animals (Nakanishi et al. 2014;
Pisani et al. 2015). Considering sponges could be among the
first multicellular animals, they are remarkable study objects
with respect to evolution. Unlike cnidarians and ctenophores,
sponges lack a nervous system but do allow cells to move
through layers and accordingly change function (Nakanishi
et al. 2014). These characteristics make sponges a unique
animal filling niches within the aquatic environment. Yet
research regarding sponges until the year 2017 is substan-
tially lower (637 publications) compared to corals (1590
publications) (Fig. 9.1). However, the research regarding
sponges is on the rise with projects such as the “EU horizon
2020”-funded SponGES. We hope to appeal to more funding
projects in the future to be able to investigate sponges at sim-
ilar levels to corals.

This review is arranged in four sections. The first section
will draw the attention to sponges’ life history, morphology,
diet, and reproduction. All these components add to the spe-
cial position of sponges related to other marine animals. The
second section focuses on how sponge morphology plays a
role in facilitating habitats for other life forms such as fish,
crustaceans, and other invertebrates. Within these habitats,
sponges play an important role in the cycling of nutrients to
make carbon, nitrogen, and phosphorous bioavailable, which
is argued in the third section. Finally, the fourth section will
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Fig.9.1 Annual number of scientific publications on the PubMed data-
base including the words “coral” (dotted line) or “sponge” (solid line)
in the publication title or as a keyword from 1900 to 2017

dive into the human-related prospects of sponges, in both
their physical form and at a molecular level as marine natural
products valuable to the pharmaceutical industry.

9.2 Sponge Characteristics

9.2.1 History and Phylogeny

Before we can understand the potentially important ecosys-
tem functions of sponges as filter feeders, we need to estab-
lish a rudimentary familiarity with the history and
morphology of sponges. Sponges (Porifera) have diverged
earliest from within the metazoans around 600 million years
ago and are one of the most diversified invertebrate phyla
present in both the marine (~8000 species) and freshwater
(~150 species) environment (van Soest et al. 2018). Yet dis-
cussion remains if sponges, rather than ctenophores, are con-
sidered the sister group to all the remaining animals (Pisani
et al. 2015; Adamska 2016; Simion et al. 2017). There are
three classes of sponges which, in general, display bathymet-
ric differences in abundance: Calcarea, Demospongiae, and
Hexactinellida (Fig. 9.2) (Reid 1968). Furthermore, later
research has shown sponges differ over depth in body size
and shape in shallow (Bell and Barnes 2000) and deep areas
(Maldonado and Young 1996).

Calcarea or calcareous sponges are restricted to shallow
environments where it is least demanding to produce cal-
cium carbonate (Vacelet 1988). Demospongiae constitute to
about 90% of all sponge species and live in the widest range
of habitats (Zenkevich et al. 1960). From the epipelagic until
the bathypelagic zone, they thrive in both freshwater and
marine environments, under various shapes and sizes (van
Soest et al. 2018). Finally, Hexactinellida or glass sponges
are the least flexible species. They possess a net of amoebo-
cytes where the epidermal cells would be in other sponge
classes. Their cells are interspersed with glass spicules pro-
truding on the outside, which makes them a very rigid class
(Barnes 1982). This class is present in polar regions and
ocean depths of the abyssal pelagic zone. All three classes
have hard skeletal elements called spicules to support their
body. The spicules of Calcarea contain calcium carbonate,
while the latter two are made up of hydrated silicon dioxide.
Recently, the fourth class of sponges has been recognized to
be phylogenetically well distinct from their closest relative
Demospongiae: Homoscleromorpha (Gazave et al. 2012).
They display a relatively simple body structure and with 184
species constitute to only 2% of the sponge species recorded
(Hooper and van Soest 2002; van Soest et al. 2018).
Therefore, our focus will remain on the three aforementioned
classes.



9 Sponges Revealed: A Synthesis of Their Overlooked Ecological Functions Within Aquatic Ecosystems

183

Fig. 9.2 General trend in the bathymetric distribution of three main sponge classes

9.2.2 Morphology

Sponges are radially symmetrical sessile filter feeders with a
unique aquiferous system, which is an arrangement of
afferent and efferent canals conducting water through cham-
bers lined with flagellate choanocyte cells (Simpson 1984).
These choanocyte cells propel water actively through the
sponge’s aquiferous system. Three conditions of this system
exist with increasing size and complexity. Demospongiae are
known to display the most complex and folded leuconoid
condition, with many inhalant canals (ostia) collared by cho-
anocyte cells together with one or more converging exhalant
canals (oscula) (Boury-Esnault and Riitzler 1997). This fold-
ing increases surface area of cells in contact with the sur-
rounding seawater. A large number of the sponge cells
(archaeocytes) are totipotent (Miiller 2006), meaning they
can change form and function. This is especially useful when
perturbations occur surrounding a sessile filter feeder. This
totipotency allows cells to migrate over the three different
cell types present: pinacocytes, mesohyl cells, and choano-
cytes (Miiller 2006). Sponges unlike more complex multicel-
lular organisms do not have nervous, digestive or circulatory
systems. In its place, sponges rely on water flowing through
their bodies to nourish them with food and oxygen while
simultaneously excreting waste. Furthermore, they do not
show bilateral symmetry. Instead, sponges show radial sym-
metry, which allows for maximal efficiency in water flow
around the central cavity of the sponge.

9.2.3 Diet

Traditionally, researchers thought most sponge species relied
on particulate food sources such as bacteria and plankton
(Kahn et al. 2015). However, a century ago already, sugges-
tions were made that the traditional view of sponges only
feeding upon particulate food sources (Reiswig 1971; Pile
etal. 1996, 1997), was insufficient to sustain their nutritional
requirements (von Putter 1914).

Nowadays, sponges have been suggested to play an
important role in dissolved organic matter (DOM) cycling,
thereby fueling “benthic-pelagic coupling” (de Goeij et al.
2013; Lesser 2006). This will be discussed in more details in
the section on nutrient cycling (see Sect. 9.4). The question
remains, however, if this food source is taken up by the endo-
symbionts abundantly present in the sponge’s tissue or by the
sponge itself. The presence of microorganisms in marine
sponges has been identified already 80 years ago (Dosse
1939). We know now that sponges may host large amounts of
microbes (Gloeckner et al. 2014; Taylor et al. 2007), within
some cases up to 40% of their body mass (Taylor et al. 2007).
High microbial abundance (HMA) sponges harbor as many
as 108 to 10° cells - g7! of sponge wet weight, being two to
four orders of magnitude higher than microbial abundance in
seawater. Low microbial abundance (LMA) sponges contain
<10° cells - g7! of sponge wet weight. This distinction in
microbial abundance could have a considerable effect on
their capacity to feed on dissolved compared to particulate
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food sources. Sometimes, 48—80% of sponge’s energy sup-
ply comes from these endosymbiotic microbes (Ruppert
et al. 2004).

Apart from these food sources, more feeding modes occur
in sponges. Some sponges even host photosynthesizing cya-
nobacteria as endosymbionts to additionally produce food
and oxygen (Taylor et al. 2007). For example, sponges often
host green algae to provide them with nutrients (Wilkinson
1992). However, some species living in low nutritious envi-
ronments have become carnivorous sponges (class
Demospongiae; family Cladorhizidae) that prey on small
crustaceans (Maldonado et al. 2015). Little is known about
their ability to capture prey as they count up to a diverse
group of 328 species (van Soest et al. 2018) only present in
challenging and remote deep-sea environments (Maldonado
et al. 2015). Interestingly, these carnivorous sponges have
lost most of their aquiferous system and choanocytes.
Therefore, it is unsurprising that they are opportunistic feed-
ers together with their endosymbiotic methanotrophic bacte-
ria, which can act as a complementary food source to these
deep-sea sponges (Vacelet et al. 1995).

9.2.4 Life History

Very little is known about the life cycle of sponges with
respect to population dynamics, which is very important for
conservation (Maldonado et al. 2015). We do know that,
similar to other metazoans, sponges can use sexual repro-
duction through both viviparous and oviparous species.
Even though it is more difficult to study viviparous species,
due to internal maturation, we know more about their life
cycle compared to oviparous species (Leys and Ereskovsky
2006). Moreover, sightings of egg spawning are rare com-
pared to corals, which suggests a more viviparous lifestyle
in sponges, but numbers are still largely unknown.
Hexactinellida and Calcarea are viviparous, while most
oviparous sponges are found in the Demospongiae (Leys
and Ereskovsky 2006).

Similar to corals, sponges are hermaphrodites, in which
case they release both sperm and eggs. Due to the absence of
organs, gametes are, respectively, transformed from the cho-
anocytes and archeocytes. After the capture of sperm by a
host, fertilization and hatching usually occur internally after
which the larvae swim out until they find a place to settle. In
the case of deepwater Hexactinellida, it is difficult to deter-
mine the early life history. Yet some studies have found that
two of those species are productive year-round (Ijima and
Okadal901; Okada 1928) and one was only seasonally active
in early summer (Boury-Esnault and Vacelet 1994). This
shows that deepwater environments can be influenced by
seasonal fluctuations in some cases.

In contrast, the totipotency of sponge cells also allows for
asexual reproduction, by means of four distinct methods: fis-
sion, fragmentation, budding, and gemmule formation.
Fission creates large clonal populations of especially encrust-
ing sponges, for example Crambe crambe (Calderén et al.
2007). Fragmentation usually occurs in turbulent environ-
ments, with, for example, high predation pressure or wave
action. Similar to fission, fragmentation allows nearby recol-
onization within a single habitat in the case of some coral
reef species where almost 30% of a population consists of
the same genome (Wulff 1986). Budding occurs in a limited
number of species, such as Tethya citrina and Tethya auran-
tium (Gaino et al. 2006). Finally, one special adaptation is
the formation of gemmules predominantly by freshwater
species during unfavorable conditions (Kilian 1952). These
survival pods form due to considerable temperature differ-
ences experienced in freshwater environments in compari-
son to the ocean (Manconi and Pronzato 2016). These pods
of unspecialized cells remain dormant until conditions
improve, and they either recolonize their parental skeletons
or start a new colony.

Depending on where sponges live, they can grow from a
few years in temperate regions to hundreds of years in both
tropical and deep-sea environments. Some sponges grow
only 0.2 mm per year which makes specimens of over 1 m in
diameter over 5000 years old (Ruppert et al. 2004).

9.3  Sponges as Habitat Providers
Aggregations of sponges are observed in many different
environments: coral reefs, mangrove forests, deep sea regions
and polar regions. Sponge aggregations have been shown to
increase habitat complexity and consequently increase the
abundance and biodiversity of benthic associated species
(Maldonado et al. 2015). Sponges provide associated species
with various services such as shelter from predation, food
availability, breeding grounds, and substratum to settle on.

9.3.1 Tropical Habitat Providers

On tropical coral reefs, much habitat complexity is provided
by corals. However, sponges may also contribute to habitat
facilitation either directly or indirectly. For example, on
Caribbean reefs, 39 sponge-dwelling fish species were
found (Tyler and Bohlke 1972). Different degrees of sponge
associations were described by Tyler and Bohlke (1972).
Some goby species are classified as obligate sponge-dwell-
ers with some even showing morphologically specialized
features for living exclusively inside sponges (Tyler and
Bohlke 1972). Other fish species of various families are
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simply fortuitous sponge-dwellers. They only use sponges
for the deposit or brooding of eggs and usually live outside
of sponges.

Tube- and vase-shaped sponges on coral reefs off Key
Largo, Florida, offer a physical barrier that lowers fish preda-
tion pressure on brittle stars (Henkel and Pawlik 2005). A
chemical defense to deter fish predators is lacking in these
sponges, which might make them a preferred surface for
deposit feeders next to a predation refuge (Henkel and Pawlik
2005). Sponge-associated brittle stars are known to consume
detrital particles adhering to the sponges’ surface (Hendler
1984).

Indirectly, sponges in Bahamian caves contribute to
increased herbivore abundance on coral reefs. The cave
sponges provide corals and algae with enhanced nutrient lev-
els. Coral cover and diversity was higher close to cave open-
ings compared to similar sites further away (Slattery et al.
2013). The increased habitat complexity (through corals)
and increased food availability (through algae) result in
increased herbivory.

9.3.2 Deep-Sea Habitat Providers

In the deep sea, scarcity of complex structural habitat makes
sponge grounds one of the most important hotspots for bio-
diversity (Hogg et al. 2010). Demosponges (Klitgaard 1995;
Maldonado et al. 2015) and glass sponges (Beaulieu 2001)
have been described as abundant deep-sea habitat providers
for associated fauna. Klitgaard (1995) found 242 species
associated with deep-sea demosponge aggregations in the
North Atlantic. The majority of the sponge-associated fauna
used the sponges as substratum.

Biohermal glass sponge reefs increase habitat complexity
through biohermal growth. Glass sponges are able to fuse
their spicules by a process called secondary silicification.
Young sponges settle on the silica skeletons left behind by
their ancestors. Fish, crustaceans, nudibranchs, and infaunal
polychaetes were found to be more abundant in biohermal
glass sponge reefs compared to surrounding areas
(Maldonado et al. 2015). This could be due to the improved
hydrodynamics of the boundary layer and the shelter the
glass sponge reef topography provides to the benthic fauna.
Additionally, the energy and nutrient cycling which increases
benthic-pelagic coupling (see Sect. 9.4) could also help
increase local benthic biodiversity.

Lithistid sponges are known to form rigid massive silica
skeletons, which do not easily dissolve. New lithistid sponge
recruits can settle on these skeletons, which results in bioher-
mal growth much like glass sponge reef growth. Lithistid
sponge mounds on the seabed attract fish and various macro-
invertebrates (Maldonado et al. 2015).

In the deep sea off California, USA, 139 taxa of marine
organisms were found to be associated with glass sponge
stalks (Beaulieu 2001). These micro cryptic habitats were
dominated by zoanthids and polychaetes that used the stalks
as a hard substratum to grow on.

Carnivorous cladorhizid sponges on the Macquarie Ridge
live among many other invertebrates (Maldonado et al.
2015). However, cladorhizid sponges might not increase bio-
diversity by increasing habitat complexity. Because of their
carnivorous characteristics, cladorhizid sponges might pre-
vent larvae from settling.

9.3.3 Arctic Habitat Providers

Seabed gouging is a process that is described as drifting ice
going through the benthos with the keel when passing
through shallower waters. Seabed gouging is known to dis-
turb glass sponge aggregations in the Weddell Sea, Antarctica,
leaving behind sponge spicule mats, which serve as a sub-
stratum for other organisms (Maldonado et al. 2015). Muddy,
soft seabeds were linked to species-poor communities, while
solid sponge spicule mats were linked to species-rich com-
munities (Hogg et al. 2010).

9.3.4 Habitat for Commercially Important
Species

Sponges provide structural habitat which harbors food and/
or provides shelter from predators for fishes and crustaceans
(Butler et al. 1995; Ryer et al. 2004; Miller et al. 2012).
Some sponge-associated species are also commercially
important for fisheries.

High mortality of sponges after cyanobacterial blooms in
Florida Bay had consequences for juvenile Caribbean spiny
lobster living around these sponges. These lobsters are
important to commercial fisheries. The spiny lobsters were
exposed to increased predation due to the lack of shelter that
was previously provided by sponges (Butler et al. 1995).

Other sponge-associated species are threatened by fishing
activities (such as trawling and dredging). When fishing gear
(such as nets and long lines) is towed across the seabed, it
removes and damages large epibenthic organisms, including
sponges. Groundfish (such as cod and ling) are often caught in
trawl nets along with sponges (Hogg et al. 2010). Cod, ling,
halibut, and Pacific Ocean perch are commercially important
fish species that might face negative consequences of sponge
habitat loss. Regulation is needed to protect sponge aggrega-
tions and the species living in close proximity to them.

Juvenile halibut showed a strong preference for habitats
with a 16% sponge coverage compared to habitats with bare
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sand in laboratory experiments (Ryer et al. 2004). This
strong preference could be due to less predation vulnerability
for halibuts. Ryer et al. (2004) observed predators being
impeded on their prey pursuit by the sponges.

Rockfishes, including the Pacific Ocean perch, are associ-
ated with sponges in the southeastern Bering Sea (Miller
et al. 2012). The sponges are thought to support diverse and
abundant macroinvertebrate communities that serve as prey
for rockfish next to providing shelter from predators (Miller
et al. 2012).

9.4  Nutrient Cycling by Sponges

9.4.1 Sponge Loop

Nutrient cycling is essential to maintain a balance between
food and waste for all species in an ecosystem food web. In
marine environments, primary producers on reefs, such as
corals and algae, release 50% of their mucus, of which
80% is dissolved directly into the adjacent seawater (Wild
et al. 2004, 2008). DOM, consisting of, e.g., carbohy-
drates, lipids, and proteins, is an abundant potential food
source on reefs for microbes (Azam et al. 1983), yet largely
unavailable to most heterotrophic reef inhabitants (de
Goeij et al. 2013).

Conventionally, microbial degradation of DOM in the
water column and sediment has been considered the primary
pathway in DOM cycling (Harvey 2006; Wild et al. 2004,
2009). However, decades ago already, suggestions were
made that the traditional view of sponges only feeding upon
particulate food sources, such as bacteria and plankton
(Reiswig 1971; Pile et al. 1996, 1997), was insufficient to
sustain their nutritional requirements (von Putter 1914).

Recently, sponges have been discovered to take up DOM,
thereby providing an important role in benthic-pelagic cou-
pling (de Goeij et al. 2013; Lesser 2006). Only 42% of the
dissolved carbon taken up from the ambient water is respired
by sponges. Therefore, the remainder is most likely either
assimilated, used for reproduction, or converted into particu-
late organic matter (POM) through cell shedding (Alexander
et al. 2014; de Goeij et al. 2009). Assimilation, in the form of
growth, takes place very little in encrusting sponges; thus,
conversion to POM is considered the preferred route. This
shedding takes place mainly among the choanocytes which,
unsurprisingly, also show high proliferation rates (Alexander
et al. 2015) 2900 times faster compared to their normal
growth rate of other cells (Ayling 1983). A recent study has
revealed that these other cells, specifically from the mesohyl,
contribute additionally to the production of POM (Maldonado
2016). This high cell turnover can be a clever mechanism to
prevent permanent damage to the sponge caused by environ-
mental stress (de Goeij et al. 2009) and creates the opportu-

nity for higher trophic levels to feed on these cells (de Goeij
et al. 2013).

The turnover of DOM by sponges is faster than by
microbes (van Duyl et al. 2008) and equals the order of mag-
nitude of the gross primary production in the Caribbean reef
ecosystem (de Goeij et al. 2013). Thus, apart from the con-
ventional microbial loop (Azam et al. 1983), accounting for
only 10% of nutrient cycling, a sponge loop (de Goeij et al.
2013), accounting for 90%, now supports a major role in the
DOM reincorporation pathway. The produced POM is,
thereafter, most likely consumed by detritivores, which can
be present as associated sponge fauna in so-called consumer-
resource interactions (de Goeij et al. 2013; Rix et al. 2016).

Most food web models do not include the role sponges
have in cycling resources in their environments, which makes
the many current models incomplete. Future food web mod-
els can be improved by adding sponge energy and nutrient
cycling. Moreover, sponges carry out benthic-pelagic cou-
pling, which is crucial to retain nutrients within an environ-
ment. Within this section, we will focus on the three important
cycles of: carbon, nitrogen and phosphorous, as key compo-
nents to sustaining life.

9.4.2 Carbon Cycling by Sponges

Carbon is one of the main components of biological life
forms, and sponges play an important role in carbon cycling
in aquatic ecosystems. They take up and release carbon to
their environment in several ways (Rix et al. 2017).

Organic matter dissolves in water after extracellular
release or cell lysis by primary producers such as phytoplank-
ton, macrophytes, and coral symbionts. Dissolved organic
carbon (DOC) concentration can differ in space and time in
aquatic ecosystems: 0.7 to 45 mg - L' in rivers, 0.7 to
330 mg - L! in lakes, and 0.5 to 3.0 mg - L~! in the ocean
(Mulholland 2003). DOC is a large energy resource in aquatic
environments and makes up a large part of DOM (Wild et al.
2004). For example, on coral reefs, more than 90% of the
total organic matter consists of DOM (Carlson 2002).
However, the carbon fraction of DOM is not readily available
to most organisms. Mostly sponges and microbes utilize
DOC as an energy source. The DOC uptake of Caribbean
coral reef sponges is estimated to be 90 to 350 mmol C -
m~2 - day~! (de Goeij and Van Duyl 2007), which is compa-
rable to the gross primary production of 200 to 600 mm C -
m~2 - day~! on coral reefs (Hatcher 1990). DOC removal on
coral reefs is mostly accounted for by sponges compared to
only 5 to 50 mmol C - m~2 - day~! of microbial DOC uptake
(de Goeij and Van Duyl 2007; Haas et al. 2011). Total organic
carbon (TOC) uptake of coral reef sponges consists predomi-
nantly (56 to 97%) of DOC (de Goeij et al. 2017). Next to
filter feeding on carbon sources, some sponge species host
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photoautotrophic symbionts, which photosynthesize and
transfer carbon into the sponge’s tissue (Wilkinson 1983;
Fiore et al. 2013). Wilkinson (1983) found that the carbon
fixation rate in coral reef sponges containing symbiotic cya-
nobacteria was only 2.4 to 6.6% in dark conditions compared
to light conditions. However, sponges usually do not rely
chiefly on the symbionts for nutrition. Additionally, apart
from dissolved food sources, particulate sources such as bac-
teria can act as a food source (Kahn et al. 2015).

After DOC uptake, 3.7 to 14.7 pmol DOC - mmol Cypppee "
12 h7! is assimilated inside sponge cells and sponge-
associated microbe cells (Rix et al. 2017). Carbon fixation in
sponges is not restricted to the abundance of associated
microbes because LMA sponges also take up DOC (de Goeij
et al. 2017). Part of the carbon taken up by sponges is
respired; another part is used to grow. De Goeij et al. (2017)
estimated a daily net biomass increase of 38% for Halisarca
caerulea if all assimilated carbon (61% of the TOC uptake)
would be used for growth. However, sponges do not grow as
fast as expected. Only 2.2% of TOC uptake was used for a
daily biomass increase of 1.3% (Alexander et al. 2015).
Instead, sponges show a rapid cell turnover. An average cell
cycle of only 6 hours was determined for H. caerulea (de
Goeij et al. 2009). This cell turnover is the result of rapid cell
proliferation and shedding of old cells. Fifteen to 24% of the
carbon assimilated by sponge holobionts is released as par-
ticulate organic carbon (POC) (Rix et al. 2017). This is how
sponges transform energy in the form of DOC to POC. Carbon
becomes available to detritivores (such as ophiuroids, crusta-
ceans, snails, and polychaetes) that consume sponge-derived
POC (de Goeij et al. 2013; Rix et al. 2017).

Alternatively, sponges make carbon available to their
environment through bio-erosion. Excavating sponges break
down calcium carbonate chemically by dissolution and
mechanically by chip production (Zundelevich et al. 2007).

9.4.3 Nitrogen Cycling by Sponges

Apart from carbon, nitrogen is important in marine ecosys-
tems as it is essential to produce amino acids which in turn
make proteins and DNA. Moreover, it is often a limiting
nutrient to meet energy requirements in tropical reefs
(Muscatine and Porter 1977; Delgado and Lapointe 1994;
Fiore et al. 2013). Paradoxically, the abundance of nitrogen
in air (78%) remains unavailable for animals unless nitrogen-
fixing bacteria, e.g., cyanobacteria, or to a lesser extent,
lightning converts nitrogen to a biologically available form.
The (re)cycling of inorganic nitrogen is therefore imperative
and occurs via different pathways both in surface waters and
the deep sea. Nitrification is considered a source of bioavail-
able nitrogen, whereas denitrification is considered a sink.

These processes are of importance to species-specific eco-
system services to the surrounding environment. For exam-
ple, benthic microbial nitrifiers provide nitrate to the root
nodular system of macrophytes.

Former studies have shown that inorganic nitrogen cycling
in sponges takes place and is mediated by the microbial bio-
film present in the sponge’s tissue (Taylor et al. 2007,
Hoffmann et al. 2005; Fiore et al. 2010; Schlédppy et al. 2010;
Gloeckner et al. 2014). For example, Mediterranean sponges
can actively switch between aerobic and anaerobic metabo-
lism by inhibiting water flow over time (Hoffmann et al.
2008). This could induce anaerobic environments to trigger
supposed “coupled nitrification-denitrification,” meaning a
part of the nitrified nitrate is subsequently transformed into
nitrogen gas.

Unsurprisingly, the two most present processes to con-
sider in microbial nitrogen cycling in sponges are nitrifica-
tion and denitrification (Southwell et al. 2008) (Fig. 9.3).
Nitrification is a two-tiered process where ammonia-
oxidizing bacteria (AOB) perform the first, often rate-
limiting, step from ammonium to nitrite, while the
nitrite-oxidizing bacteria (NOB) oxidize the latter to nitrate.
AOBs are usually beta- and gamma-proteobacteria, and
NOB belong to Nitrobacter and Nitrococcus family (Bayer
et al. 2008). Factors that affect nitrification include meta-
bolic interactions in the microbial community and respira-
tion rates but most importantly oxygen concentrations
(Miiller et al. 2004). If oxygen is lacking, nitrification cannot
take place. Sponges, like many other marine invertebrates,
usually excrete ammonium as a waste product (Brusca and
Brusca 1990). Therefore, the unexpected excretion of nitrate
was the first evidence of microbial nitrification within the
sponge (Diaz and Ward 1997; Jiménez and Ribes 2007).

Apart from aerobic nitrification, anaerobic processes such
as denitrification or anaerobic ammonium oxidation (anam-
mox) also occur regularly in sponges and have, for example,
been shown in the tropical sponge Xestospongia muta (Fiore

Fig. 9.3 Simplified diagram of nitrification and denitrification super-
imposed on a vertical slice of a sponge Geodia barretti
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et al. 2013). First, to confirm the presence of anaerobic zones
within sponge tissue, Hoffmann et al. (2005) have investi-
gated bacterial metabolic activity ex situ within the HMA
sponge Geodia barretti. Their research revealed a steep oxy-
gen profile within intact sponges in which anoxic microenvi-
ronments could allow denitrifying bacteria to reduce nitrate
in nitrogen gas. Furthermore, Fiore et al. (2013) found a
negative efflux of nitrate, indicating that either denitrification
or anammox was taking place inside the sponge. However,
the Caribbean sponge X. muta was actively pumping during
the study contradicting the earlier hypothesis of Fiore et al.
(2010) where lack of pumping would equal denitrification.
Finally, Hoffmann et al. (2009) discovered both nitrification
and denitrification in G. barretti with rates of 566 and
92 nmol N - cm~ sponge - day~!, respectively. However, this
research was performed with explants (3 cm? radial cylinders
of cut sponge tissue). Even though sponges are known for
their totipotent cells and quick regeneration after damaging
(Alexander et al. 2015), using explants alters the aquiferous
system to such extent that pumping is most likely inhibited.

Although the deep sea is often viewed as an uninhabitable
environment, particular areas like hydrothermal vents, cold
seeps, and sponge grounds actually harbor complex ecosys-
tems (Klitgaard 1995; Roberts et al. 2006; Cathalot et al.
2015). Their dependence on nitrogen is influenced by the
influx of inorganic and organic nitrogen from surface waters
through vertical mixing (Romera-Castillo et al. 2016) and
bottom water advection (Davies et al. 2009). Regarding
nitrogen cycling, deep-sea sponges (DSS) can be of particu-
lar interest, as in some areas they make up 90% of the ben-
thic biomass (Klitgaard and Tendal 2004; Murillo et al.
2016) and are important filter feeders (Kutti et al. 2013).
However, the relevance of DSS is only currently emerging
with studies showing that sponges have the potential to recy-
cle essential elements like carbon and nitrogen (Witte et al.
1997; van Oevelen et al. 2009; Rix et al. 2016). As men-
tioned before in Sect. 4.1, in shallow tropical reefs, sponges
are known to retain carbon through the sponge loop, whereas
they release nitrogen (de Goeij et al. 2013). Rix et al. (2016)
were the first to examine that DSS might have a similar
potential in fueling the ecosystem with nitrogen resembling
their warm water counterparts. However, she only performed
this in ex situ aquarium experiments. Whether a potential
cold water sponge loop also takes place in the deep sea is yet
to be confirmed, especially regarding the cycling of inor-
ganic nutrients.

9.4.4 Phosphorous Cycling by Sponges
Finally, phosphorous is essential for the biological synthesis

and for the transfer of energy (Tyrreell 1999). In aquatic
environments, phosphorous budgets consist of three compo-

nents: particulate phosphorous, dissolved inorganic phos-
phate, and dissolved organic phosphate (Maldonado et al.
2012). We know that of these three, the latter is present most
abundantly (Dyhrman et al. 2007). However, phosphorous
cycling has not undergone comprehensive research as the
two nutrients aforementioned. Therefore, data is limited to a
few studies which have only concluded that both low and
high microbial abundant sponges act as a net source of phos-
phate reviewed in Maldonado et al. (2012). Further research
into phosphorous cycling by sponges would give us more
insight into the potential limiting factors of sponge habitats.

9.5 Marine Natural Products
from Sponges
9.5.1 Introduction

Since the early Egyptian times, sponge skeletons have been
harvested for its cleaning properties and as hygienic tools
(Pronzato 2003). Likewise, the earliest medicinal feature, in
Greek times, a cold wet sponge placed on the heart, would
resurrect the fainted (Jesionowski et al. 2018). However,
these days, the capacities of sponges have shifted from a bio-
material to a biomolecular source (Jesionowski et al. 2018).
Within the last 20 years, the detection of marine natural
products (MNP) has increased, with an estimate of 15,000
MNPs discovered until 2010 (Hu et al. 2011). In the search
for bioactive compounds in the marine environment, verte-
brate animals such as fish, sharks, and snakes have been
examined. Among the invertebrates, more groups have been
examined including tunicates, echinoderms, algae, mollusks,
corals, and sponges. Finally, microorganisms were exam-
ined, and of those several bacteria, fungi, and cyanobacteria
showed potential (Alonso et al. 2003). The fact that sponges
can harbor high densities of microorganisms in the mesohyl
layer makes them very potent study objects for novel bioac-
tive compounds (Alexander 2015). Moreover, sponges lack
an immune system, protective armor, and mobility which
pressed on the evolution to synthesize compounds for defen-
sive purposes. For example, instead of an immune system,
when invaded with foreign material, sponges produce a
range of chemicals, such as 3-alkyl-pyridinium, that inhibits
movement of surrounding cells preventing the use of the
sponge’s internal transport system (Sepci¢ et al. 1999).
Interestingly, there is considerable debate about whether
sponges are the true producer of these compounds and not
just hosts to the true producers: microorganisms (Jensen and
Fenical 1994; Bultel-Poncé et al. 1997; Hentschel et al. 2006
reviewed in Mehbub et al. 2016b). It would not be a surprise
if the majority of these compounds are a result of the symbi-
otic microorganisms rather than the host, considering in
HMA sponges the body mass could be accounted for by bac-
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teria to up to 40% (Taylor et al. 2007). Either way, it is
important to investigate the possibilities for MNPs within the
holobiont as they ultimately provide the compound as a
whole organism. This holobiont approach does lead to some
discussion about the true producer and if they can do so with-
out each other’s presence. Several reviews have discussed
this. In Jensen and Fenical (1994), the problem is mentioned
that the sponge does contain a microbial community distinct
of the surrounding water, implying that bacteria need the
sponge host to be initially present. A prime example of mis-
judgments of the true producer was found after flow cyto-
metric separation of sponge and microbial fraction localizing
the true producer: a prokaryotic cell (Unson and Faulkner
1993).

9.5.2 Potential for Exploitation

The potential to exploit marine sources for pharmaceuticals
has been of major importance in recent times since we can-
not only rely on terrestrial sources alone. Moreover, it is of
importance to investigate these potential pharmaceuticals,
because infectious microorganisms constantly evolve a resis-
tance against current pharmaceuticals. Several reviews have
focused on MNPs in general (Faulkner 2000; Blunt et al.
2017, 2018); yet some have also focused only on sponge-
specific MNPs (Mehbub et al. 2016a).

The reason for sponges to entail such a vast majority of
the MNPs found in the marine environment could well be
caused by their survival over the past 580 million years.
During this time, they have undergone huge environmental
changes which induced specialization and formation of
vastly different species over the entire aquatic environment.
Sponges are at present divided into 4 distinct classes, 25
orders, 128 families, and 680 genera (Abad et al. 2011).
These specializations over all the different groups together
with their capacity to hold endosymbionts led to the produc-
tion of a large range of (secondary) metabolites.

Among all marine species, sponges are the most investi-
gated with nearly 30% of all MNPs discovered (Mehbub
et al. 2016a). This accounts for a total of 4851 compounds of
which 1499 isolated only between 2008 and 2012. The com-
pounds were classified into 18 chemical classes among them:
acids, alkaloids, esters, fatty acids, and further less relevant
groups (Mehbub et al. 2016a). These compounds contain a
wide variety of bioactivities: anticancer, antiviral, antibacte-
rial, anti-inflammatory, and many more neural activities
(Chakraborty et al. 2009). The latter is of importance because
of the vast presence of patients with neurodegenerative dis-
eases especially in high-income countries (Global Health
Estimates 2016). Moreover, many studies have investigated
the neuroprotective capacities of the MNPs in sponges.
Compounds were found with activities such as modulation

of the neurotransmitters acetylcholinesterase and glutamate,
decreasing oxidative stress, enrichment of serotonin, and
neurite growth (Alghazwi et al. 2016). However, none of
these compounds have yet been developed as a finalized
marine pharmaceutical.

9.5.3 Culturing of Sponges

Since the eighteenth century, reconstructive growth of
sponges has been recorded, with major advances made at the
beginning of the twentieth century by Henry Moore in
Florida (Jesionowski et al. 2018). Later research has investi-
gated the potential of secondary metabolites regarding their
antimicrobial activity (Thompson et al. 1985) acting as ther-
apeutic drugs, collagen, and optical equipment (Munro et al.
1999). However, this has so far been held back by what is
referred to as “the supply problem” (Osinga et al. 2003). The
supply problem states that we are limited by the small
amount of chemical present within the sponge compared to
its biomass. Moreover, the dilution effect of the ocean
requires compounds to be very stable and highly active
(Abad et al. 2011) which would explain the low quantities
found. To overcome this, we are required to grow enormous
sponge biomass to perform acceptable preclinical and clini-
cal trials. As harvesting the enormous sponge biomass from
the environment would not be sustainable, therefore we have
to look at alternatives. Thus, opportunities in biotechnologi-
cal methods are progressively favored to avoid the supply
problem. One possible solution is to have the sponge-
associated microorganisms to flourish independently of their
host to produce larger quantities of MNPs. Another growing
area is the use of sponge cell cultures, which avoids the com-
plex environment necessary for whole organisms (Miiller
et al. 2000). Yet some advance has been made to express
these biosynthetic pathways of interest in more easily culti-
vatable hosts to overcome the supply problem (Wilson et al.
2014). Nevertheless, large-scale production of sponge bio-
mass for MNPs remains unsuccessful.

As mentioned afore, sponges can grow in vastly different
natural environments, from the deep sea to tropical reefs. At
present, in situ culture has been the only successful approach
at harvesting considerable biomass of sponges. The usual
method is to use asexual reproduction by fragmentation
which creates explants hanging from buoy lines in the water
column (Osinga et al. 2003). However, in situ culturing has
serious drawbacks such as incoming diseases, abrupt weather
changes, or habitat disruption. This has impeded large-scale
in situ production. Therefore, Osinga et al. (2003) started to
experiment with growing sponges in vivo in bioreactors.
They succeeded to grow a tropical sponge Pseudosuberites
andrewsi on a single marine diatom species either intact or as
a filtered crude extract. However, unlike freshwater sponges
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Ephydatia fluviatilis and Spongilla alba, which have shown
to grow successfully on a stock of Escherichia coli (Francis
et al. 1990), the lack in further culture literature might
explain that proper food source or mixture to grow marine
sponges is still elusive. Though discussion remains even on
the selection of one food source, we know marine sponges
feed on several food sources simultaneously, such as: pico-
plankton, bacteria, viruses and dissolved organic substrates
(de Goeij et al. 2013). It could well be that the quality of the
particulate food sources and the composition of these dis-
solved organic substrates are decisive. Yet apart from food
sources, there are abiotic variables (such as temperature,
salinity, and light) that can determine growth. Therefore,
more research should be undertaken finding the balance in
food sources while breeding marine sponges under various
laboratory conditions.

9.6 Conclusions

In this review, we have tried to outline the importance of
sponges to their environments as well as to humans. Sponges
are a diverse phylum (consisting of more than 8000 species).
In this phylum, a broad range of morphologies, feeding hab-
its, and reproduction strategies are present. Much about these
various characteristics of sponges is yet to be discovered and
understood. These future discoveries are not only interesting
for sponge-specific knowledge but also of importance to a
wider understanding of evolution and aquatic ecosystems in
general.

Sponges are important to their environment for multiple
reasons. Sponges provide habitat and food for fish, crusta-
ceans, and many other animals in a variety of ecosystems
ranging from tropical coral reefs to deep-sea sponge grounds.
Among these sponge-dwelling organisms are even commer-
cially important species.

Additionally, sponges shape the communities surround-
ing them by playing a significant role in the cycling of energy
and nutrients. Sponges make carbon, nitrogen, and poten-
tially phosphorus available to higher trophic levels. By doing
so, these elements are retained within the ecosystems
sponges live in and would otherwise not be available to many
organisms.

Lastly, sponges are also important to humans in upcom-
ing pharmaceutical research. The high abundance of symbi-
otic microorganisms living within sponges makes sponges
good candidates for novel bioactive compound discovery. It
is expected that sponge-associated marine natural products
have potential as bioactive compounds in drugs. Therefore, it
is important to invest time in uncovering the importance of
this phylum within all aquatic ecosystems.

Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 11: “Sponges (Porifera): Fantastic filter feeders.”
The original Call for Abstracts and the abstracts of the pre-
sentations within this session can be found in the Appendix
“Conference Sessions and Abstracts”, Chapter “9 Sponges
(Porifera): Fantastic filter feeders”, of this book.
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Abstract

Marine invasions are well-recognized as a worldwide
threat to biodiversity and cause for tremendous economic
damage. Fundamental aspects in invasion ecology are not
yet fully understood, as there is neither a clear definition
of invasive species nor their characteristics. Likewise,
regulations to tackle marine invasions are fragmentary
and either restricted to specific regions or certain aspects
of the invasion process. Nonetheless, marine anthropo-
genic vectors (e.g., vessel fouling, ballast water, aquacul-
ture, marine static structures, floating debris, and
human-mediated climate change) are well described. The
most important distribution vector for marine non-
indigenous species is the shipping sector, composed by
vessel fouling and ballast water discharge. Ship traffic is a
constantly growing sector, as not only ship sizes are
increasing, but also remote environments such as the
polar regions are becoming accessible for commercial
use. To mitigate invasions, it is necessary to evaluate spe-
cies’ capability to invade a certain habitat, as well as the
risk of a region of becoming invaded. On an ecological
level, this may be achieved by Ecological Niche Modelling
based on environmental data. In combination with quanti-
tative vector data, sophisticated species distribution mod-
els may be developed. Especially the ever-increasing
amount of available data allows for comprehensive mod-
elling approaches to predict marine invasions and provide
valuable information for policy makers. For this article,
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we reviewed available literature to provide brief insights
into the backgrounds and regulations of major marine
vectors, as well as species distribution modelling. Finally,
we present some state-of-the-art modelling approaches
based on ecological and vector data, beneficial for realis-
tic risk assessments.

Keywords

Non-indigenous species - Marine vectors - Species
distribution modelling - Regulations - Anthropogenic
debris

10.1 Non-indigenous and Invasive Species

Non-indigenous species (NIS) can have negative effects on
receiving ecosystems and are considered one of the major
global threats to biodiversity (Ruiz et al. 1997; Casas et al.
2004; Raffo et al. 2009). Apart from ecological conse-
quences, substantial economic damage can be caused by
overly abundant introduced species or harmful species
such as pathogens (e.g., Pimentel et al. 2000, 2001). The
effects of introductions and establishments of new species
in a community are unpredictable, as a multitude of biotic
and abiotic factors determine the onset and further devel-
opment of an invasion. Depending on the receiving habitat
and the observed parameter, the same species can have
negative but also positive effects (McLaughlan et al. 2014).
Because of the variety of factors of each invasion, under-
standing them on the species-, pathway-, and ecosystem
level is essential for adequate evaluation and possible
management.

Despite their ecological and economic relevance, not even
the basic terminology of introduced or invasive species is
clearly determined among scientists and regulations. Over
time, several definitions have been proposed for biological
invasions. The most basic one is being a non-indigenous
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species (NIS), namely, a species introduced after the discov-
ery of America and the onset of large-scale transatlantic ship
traffic (Leppdkoski et al. 2013; Ricciardi et al. 2013). More
specifically, Richardson and Pysek (2006) defined invasion
ecology as the study of human-mediated introductions of
species to areas beyond their native range without consider-
ing the impact on the invaded habitat. Alpert et al. (2000)
included effects of NIS and described an invasive species as
“one that both spreads in space and has negative effects on
species already in the space that it enters.” According to
Boudouresque and Verlaque (2002) introduced and invasive
species can be differentiated by the conspicuous role the lat-
ter play in the recipient ecosystems, which is characterized
by becoming dominant and potentially taking the place of
keystone species. The previous examples show how much
definitions can vary in only a few studies — with more being
considered, they even begin to contradict each other, both in
terminology and procedure (e.g., Blackburn et al. 2011;
Guy-Haim et al. 2018).

Although not clearly defined, bioinvasions are a topic of
public interest (Garcia-Llorente et al. 2008) and there are
several national eradication programs and policies estab-
lished (see New Zealand, USA; Myers et al. 2000, Wotton
et al. 2004). However, on a global scale, overarching regula-
tions to mitigate marine invasions are missing. This is
reflected in the EU legislative 1143/2014, which only deals
with anthropogenically introduced species, but does not con-
sider naturally introduced species. Moreover, international
conventions for marine traffic are not binding across the
globe or only concern certain aspects of dispersal mecha-
nisms (see Sect. 10.2). One reason for this fragmentation
among marine NIS regulations might be the influence of eco-
nomic interests, which dilute scientific expertise (Margolis
et al. 2005).

To develop efficient regulations, it is essential to gain an
in-depth understanding of human-mediated vectors and fac-
tors influencing invasion success. Ecological Niche Models
(ENM) can be powerful in evaluating invasion potential and
are currently implemented at the frontier of invasion science
(see Sect. 10.3). Figure 10.1 sets the framework for this arti-
cle, in which we summarize knowledge on anthropogenic
vectors and give insights into methods and developments of
ENM as a potential forecasting tool. We intend to contribute
to the understanding of bioinvasions at a broader scale and
shine a light on necessary future efforts to develop efficient
regulations.

10.2 Anthropogenic Vectors

Defining which vector has the highest impact in terms of the
number of introductions, establishment rate, and effects on
the new habitat is challenging because their effectiveness

and frequency vary with time and geographical region
(Williams et al. 2013). In general, failed introductions and
invasions pose a problem in cross-vector analysis, because
they mostly remain hidden, leading to strong biases in intro-
duction rates per vector (Zenni and Nuifiez 2013). About four
decades ago, ship traffic and aquaculture were identified as
the major vectors for marine human-mediated introductions
(Carlton 1979). Recent studies suggest that this assumption
has not changed much and efforts have been undertaken to
rank vectors regarding their potential of dispersing NIS. On
a global level, a positive correlation between cargo ship traf-
fic and marine introductions reveals the vast contribution of
marine traffic to create connectivity across distant geo-
graphic regions (Seebens et al. 2016). Ship traffic can be
divided into two NIS pathways: the colonization of vessel
hulls with sessile or small motile species (hereafter fouling
species), and the transportation of organisms and their early-
life stages (eggs, larvae) in ballast water tanks (Ruiz et al.
1997; Cohen and Carlton 1998; Godwin 2003). On a regional
level, a cross-vector comparison in California revealed ves-
sel fouling as the most important vector followed by ballast
water and aquaculture (Williams et al. 2013). However, the
authors claim that results cannot be extrapolated and are
case-specific with respect to area, time, and vector
composition.

This review examines the following marine vectors: ves-
sel fouling, ballast water, mariculture, marine static struc-
tures, floating anthropogenic litter, and human-mediated
climate change. This selection encompasses the major vec-
tors, affecting most marine ecosystems worldwide. Live spe-
cies trade with ornamental (Weigle et al. 2005) and bait
species (Weigle et al. 2005; Fowler et al. 2016) represent
minor vectors and therefore will not be elaborated in this
article. Canals play an important role in the distribution of
marine species on regional scales (see Gollasch 2006 for the
influence of the Suez Canal on Mediterranean species com-
position). However, they represent the removal of physical
barriers between adjacent regions and allow migration in a
variety of ways (e.g., shipping related or natural dispersal),
which are covered in the sections mentioned above.
Therefore, we do not include an individual chapter on this
vector.

10.2.1 Vessel Fouling

The importance of hull fouling for marine invasions is
unquestionable. A convenient parameter to quantify the
marine invasion risk through hull fouling is the wetted sur-
face area (WSA) of ships (Miller et al. 2018) and an approach
of calculating the WSA of the world fleet of commercial ves-
sels resulted in 325 x 10° m?>(Moser et al. 2016). Marine traf-
fic is continuously increasing and even remote areas, such as
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Fig. 10.1 Marine Bioinvasions in the Anthropocene: the most impor-
tant vectors for alien invasive species across geographic regions are
anthropogenic transportation means, such as shipping- and mariculture-
related transfers. Also passively drifting litter and stable structures con-
tribute to the transport and introduction of species. Quantification of
introductions along these vectors allows for identification of major
pathways across the globe. Ecological Niche Modelling can help to
identify suitable environmental conditions for species in question.
While correlative approaches are well established for the investigation

the Arctic, become available for commercial shipping due to
melting sea ice (Miller and Ruiz 2014).

Antifouling coatings are applied to vessel hulls and repel
many fouling species that would normally settle on sub-
merged vessel areas (Williams et al. 2013). Yet, there are cer-
tain organisms that are immune to antifouling components
such as the bryozoan Watersipora subtorquata, which may
serve as a foundation species providing settlement space for
subsequent epibionts (Floerl et al. 2004). Small disruptions
of 1-2 cm in antifouling coatings may enable the settlement
of a wide range of sessile marine species, which can easily

A Undamental Niches

of realized niches, laboratory studies can yield important additional
information about the species’ fundamental niche and hence contribute
to the understanding of ecological mechanisms which influence a spe-
cies’ distribution potential. Transportation data and Ecological Niche
Models can be combined to evaluate invasion risk. Identification of
areas with high introduction pressure and understanding of the species
being transported along are an important step prior to the development
of regulations, management plans, and mitigation strategies. However,
to date, only few international regulations are effective which success-
fully control the spread of species

be overseen in cryptic spots like keels or propeller shafts
(Piola and Johnston 2008). Godwin (2003) observed weak-
nesses of antifouling coatings at weld seams and spots where
smaller boats were placed on wooden blocks while painted.
He also assumed that slow velocities and long port stays
increase the potential of sessile species to settle and survive
on vessel hulls (Godwin 2003). Kauano et al. (2017) tested
persistence of fouling species after being dragged with 5, 15,
and 20 knots for 20 min. Although the overall trend shows a
negative correlation between velocity and persistence, 90%
of the species were present with at least 20% of their original
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abundance after being dragged with 20 knots. Some limita-
tion to vessel fouling is provided by desiccation. Kauano
et al. (2017) found that most soft-bodied sessile species died
after being outside of the water for 24 hours, whereas bar-
nacles survived 120 hours. Another example for desiccation
resistance are sporophytes of the invasive kelp Undaria pin-
natifida that released viable spores even after 3 days outside
of the water (Bollen et al. 2017).

Large cargo vessels such as bulk carriers, tankers, and
container ships are usually equipped with slow-speed engines
(Endresen et al. 2003), meaning that they rarely travel faster
than 20 knots, and are only put on dry dock every 5 years
when their hulls are cleaned and repainted. Yet, these vessels
represent 79% of the WSA of the commercial world fleet and
substantially contribute to geographical connectivity (Moser
et al. 2016; Seebens et al. 2016). In combination with the
knowledge mentioned above, this may explain why vessel
fouling is still a major pathway for NIS on a global scale.

Trends in the marine traffic industry favor larger container
ships and hub-ports (Shenkar and Rosen 2018), from which
smaller transport vessels carry goods to smaller ports, repre-
senting one example of secondary spread. Small-scale boat-
ing may contribute to secondary spread of NIS, especially in
areas with intense tourism or recreational activities (Anderson
et al. 2015). Many marine invertebrates, such as ascidians
and bryozoans, have very short natural dispersal ranges and
hence marine traffic or rafting debris is likely to enable their
long-range dispersal (Petersen and Svane 1995). This is
underlined by a case study in the great barrier reef where ses-
sile NIS were found about 80 km offshore at an isolated coral
reef that is frequently visited by boats (Piola and Johnston
2008).

In 2011, the International Marine Organization (IMO)
published a resolution for the responsible management of
vessel fouling to reduce the risk of NIS introduction (IMO
2011). However, these are mere voluntary guidelines and
despite the global significance of vessel fouling for NIS dis-
persal, there is no enforced regulation on an international
level yet. There are some examples for implemented hull
fouling standards on a national and regional level represented
by New Zealand (Ministry for Primary Industries 2014), and
the National Park of Galapagos, Ecuador (Campbell et al.
2015). Both regulations require clean vessel hulls and anti-
fouling coatings prior to the arrival of vessels.

10.2.2 Ballast Water

Ballast water discharge is the vector with the most manage-
ment rules among the important anthropogenic dispersal
mechanisms. The International Convention for the Control
and Managementof Ships’ Ballast Water and Sediments (here-
after the BW Convention) was adopted by the IMO in 2004

and came into force in September 2017 (IMO 2004).
According to requirements regulating the behavior of ballast
water discharge, the BW Convention can be split into two
major parts.

The first part obliges incoming vessels to exchange their
ballast water at least 200 nautical miles offshore in a mini-
mum depth of 200 m. The USA, not a signatory to the BW
Convention, implemented a similar requirement. A study
assessing ballast water exchanges in the USA from 2005 to
2007 found that most vessels abide with this rule, however,
especially vessels that journeyed along the South and North
American coasts still exchange their ballast water in coastal
areas frequently (Miller et al. 2011). Similar results were
obtained by a study targeting the Taiwanese maritime cargo
sector showing that up to 30% of the surveyed ships exchange
ballast water closer to shore than 200 nautical miles (Liu
et al. 2014).

The second part of the BW Convention restricts the total
amount of viable organisms in discharged ballast water to up
to ten with a size of >50 pm m=3 plus up to ten with a size of
<50 pm ml~! (IMO 2004). To meet these restrictions, vessels
are obliged to install ballast water treatment plants (e.g.,
electro-chlorination, UV treatment, and filtration). Given
those conditions, Reusser et al. (2013) developed a model to
predict the invasion rate per year through foreign ballast
water discharge in the US Pacific Coast. Based on existing
invasive species records and assuming a linear relationship
between discharged organisms and successful invasions,
they calculated that a new invasion would only occur every
10-100 years.

Shipping routes and source regions of ballast water affect
the survivability of organisms at the ship’s destination
(Verling et al. 2005). For example, do transport routes
through the Panama Canal expose attached specimens to
tropical and partially freshwater conditions leading to tem-
perature and osmotic stress (Miller and Ruiz 2014). The BW
Convention requires ships to keep records of ballast water
activities, so that uptake areas can be compared to discharge
areas on demand and high risks of introductions can be
avoided. Additionally, port states are empowered to conduct
ballast water controls on incoming foreign ships and, if nec-
essary, impose sanctions.

Still, a minimum risk of biointroduction remains and is
positively correlated to the amount of ballast water dis-
charged in an area (Reusser et al. 2013). This is important to
consider in major ports serving as hubs for international
maritime trade such as Shanghai, Singapore, or Rotterdam.
Moreover, a study of the Chinese ballast water capacity con-
firmed the rising amount of ballast water in line with the
growing maritime transport sector (Zhang et al. 2017).
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10.2.3 Mariculture

Many marine species have been intentionally transported
across broad geographical distances to be husbanded in
aquacultures. The largest contributors to the global maricul-
ture industry are Asian countries with China being by far the
most important among them (FAO 2016). Other countries,
such as Norway, Chile, and Indonesia have fast-growing
mariculture industries as well (Buschmann et al. 2009). The
most important cultured organisms worldwide are finfish,
mollusks, crustaceans, and seaweed species. In 2014, 580
aquatic species have been registered with the FAO as hus-
banded species (FAO 2016). These species are often non-
indigenous in the place where they are kept, meaning an
escape would directly lead to an introduction into the new
habitat. Examples for intentionally introduced species are
the Pacific oyster Crassostrea gigas, domesticated salmon,
and many seaweed species (Naylor et al. 2001). In contrast,
accidental introductions may occur due to associated hitch-
hikers such as parasites, algae (e.g., Codium fragile), and
various fouling species that live on or in aquaculture gear
and husbanded species (Naylor et al. 2001).

Focusing on introductions to urban areas, Padayachee
et al. (2017) investigated the taxa composition introduced by
several marine vectors and found a significant difference
between the categories Mariculture and Fisheries. Vertebrates
were almost exclusively introduced for cultivation, while
plants dominated, and were exclusive to, the equipment-
facilitated arrivals. The continuous transfer of equipment and
seed stock between maricultures has an especially high
potential of species introduction (Forrest and Blakemore
2006). One striking example for this is the kelp Undaria pin-
natifida, used for mariculture. It arrived to Europe alongside
the Pacific oyster and has since been spread independently of
oyster cultivation for farming or as a fouling species and
recently reached German waters (Schiller et al. 2018). This
was largely enabled by its tolerance to various conditions,
including surviving overland transport on boat hulls or ropes
(Bollen et al. 2017).

After vessel fouling, shellfish farming is considered the
second most important vector for the 277 registered non-
indigenous seaweeds worldwide. Especially red corticated
algae, but also a variety of other taxa, live in association
with farmed shellfish (Williams and Smith 2007). Seaweed
mariculture itself is only a minor but efficient way of sea-
weed introductions, because farmed algae are specifically
chosen for their competitiveness (Williams and Smith
2007). Interestingly, seaweed mariculture is the fastest-
growing sector of aquaculture posing one-quarter of the
global volume produced by aquaculture (FAO 2016). This
growth is mainly due to seaweed farms in Indonesia and
China that were established during the last 20 years.
Between 2004 and 2014, the global aquaculture industry has

grown rapidly and the percentage share of total worldwide
fish harvest increased from 31.1% to 44.1% (wild catches
and aquaculture products including non-food uses; FAO
2016). While regulations on an international level are miss-
ing, there are some examples for guidelines of the treatment
of aquaculture organisms and gear, proposing sterilization
prior to moving it to a new location. An example is the
Australian National Biofouling Management Guidelines for
the Aquaculture Industry that proposes different treatment
methods such as exposures to air, fresh water, heat, or chem-
icals (NSPMMPI 2013).

10.2.4 Static Maritime Structures

There is a growing number of various static maritime struc-
tures (SMS), which are occasionally relocated and thus pose
a risk to transport marine NIS or serve as stepping stones
(i.e., oil and gas platforms, offshore wind farms, navigational
buoys, non-cargo barges, and dry docks; Iacarella et al.
2018). Most SMS are characterized by their large and com-
plex wetted surface area (WSA), providing space for fouling
organisms, which, in turn, may attract predators (Friedlander
et al. 2014; Todd et al. 2018). These artificial communities
often differ from surrounding species assemblages
(Stachowicz et al. 2002). Oil and gas platforms represent a
major part of SMS and will therefore be the main focus of
this section.

After being stationary for years, oil and gas platforms
may be moved to a new service location, for repair, or decom-
mission. To be able to navigate, they are either equipped with
engines, towed by tug vessels (wet-tow), or carried on heavy
lifting ships (dry-tow; Robertson et al. 2018). The former
two options pose a risk for NIS dispersal, because platforms
stay in the water during transport and are transported at very
low speed (<8 knots), allowing associated organisms to
travel along. In contrast to vessel fouling, translocated oil
and gas platforms may introduce entire ecosystems to new
geographical areas, including large sessile and mobile spe-
cies across all trophic levels from algae to vertebrates
(Ferreira et al. 2006; Yeo et al. 2009). Incidences of stranded
or intentionally moved oil and gas platforms prove the intro-
duction of a range of invertebrate species (Foster and Willan
1979; Ferreira et al. 2006; Page et al. 2006; Yeo et al. 2009),
as well as fish species (Yeo et al. 2009; Wanless et al. 2010;
Pajuelo et al. 2016).

Abandoned oil and gas platforms are frequently trans-
formed into artificial reefs instead of being decommissioned
(“rigs to reefs”; reviewed by Bull and Love 2019), because
they foster entire marine ecosystems and due to high demol-
ishment costs. This practice is largely unregulated with
respect to its biological implications, an issue in need of
addressing, considering that a large number of the roughly
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7000 oil platforms worldwide were already reaching the end
of their service time in 2003 (Hamzah 2003).

Tacarella et al. (2018) emphasized that regulations con-
cerning marine NIS introductions through SMS are still
missing. This is especially worrying considering that the
Arctic might become more available for commercial use,
including drilling operations, with decreasing sea ice.

10.2.5 Marine Litter

We have long known about how ocean currents can transport
a wide variety of structures, which may then serve as a raft
for fouling species (Guppy 1917; Thiel and Gutow 2005;
Wichmann et al. 2012). The presence of floating plastic
debris in the oceans has increased tremendously in recent
decades and continues to grow (PlasticsEurope 2013). Due
to this increment of potential vectors, we very well might be
on the brink of a new era for marine invasions.

The exact sources of anthropogenic debris are often
unknown, since trajectories of floating objects are hard to
track, being influenced by seasonal variations in wind and
current conditions (Kiessling et al. 2015). The United
Nations Joint Group of Experts on the Scientific Aspects of
Marine Pollution (GESAMP) have estimated that land-based
sources account for up to 80% of the world’s marine litter,
60-95% of the waste being plastic debris (Sheavly 2005).
However, shipping activities have also been a major source
of marine litter (Scott 1972). Despite agreements to forbid
ship waste dumping (London Dumping Convention, promul-
gated in 1972; Lentz 1987), compliance and enforcement
still pose significant challenges (Carpenter and Macgill
2005). In fact, in some regions up to 95% of all litter items
are shipping-related (Van Franeker et al. 2011), and debris
composition in the Baltic Sea and North Pacific Ocean leaves
little doubt that ocean-based sources are major contributors
to marine debris (Moore and Allen 2000; Fleet et al. 2009;
Keller et al. 2010; Watters et al. 2010; Schlining et al. 2013).

The predominance of plastic as floating litter and as accu-
mulated debris on shorelines is not due to the amounts in
which it is produced relative to other types of waste, but to its
remarkable persistence and durability (Andrady 2015). The
long life expectancy of a piece of plastic contrasts to the
natural processes of consumption and decomposition that
organic flotsam eventually undergoes (Vandendriessche
et al. 2007). It is because of this persistence that today we are
facing the possibility of human litter more than doubling
rafting opportunities, particularly at high latitudes (Barnes
2002), and potentially propagating fauna outside of their
native ranges (Barnes et al. 2009; Gregory 2009) and up to
the most remote polar marine environments (Barnes et al.
2010; Lusher et al. 2015). Because of its overall high num-
bers, plastic debris offers rafting opportunities that quantita-

tively surpass other floating substrata in the oceans. As
Goldstein et al. (2012) suggest, many species may no longer
be limited by the availability of suitable substrata to adhere
to. On top of enhancing transport of rafting communities, the
availability of plastic may favor the transport of certain spe-
cies over others. This is because rafting communities on lit-
ter and, e.g., macroalgae are described as similar, but less
species rich in the former (Winston et al. 1997; Gregory
2009).

Over 1200 taxa have been associated with natural and
anthropogenic flotsam (Thiel and Gutow 2005), and many
organisms and potential invaders were first described on
marine litter (Jara and Jaramillo 1979; Stevens et al. 1996;
Winston et al. 1997; Cadée 2003). One most notable event
was the record of a 188-ton piece of a former dock, dislodged
during a tsunami in Japan in 2011, stranded in Oregon and
accounting for the first record of over 100 species non-native
to the west coast of the USA (Choong and Calder 2013).
While samples taken from beach litter collections show a
bias towards sessile organisms with hard calcified structures
(Winston et al. 1997; Gregory 2009), debris collected afloat
include a higher diversity of soft-bodied and/or motile spe-
cies (Astudillo et al. 2009; Goldstein et al. 2014). Overall,
cnidarians, bryozoans, mollusks, and crustaceans seem to be
the most abundant taxa registered. Today, we know plastic
can host a variety of pathogens: the ciliate Halofolliculina
sp., which targets coral skeletal structures (Goldstein et al.
2014), potential human and animal pathogens of the genus
Vibrio (Zettler et al. 2013), and dinoflagellates known to
cause harmful algal blooms (Masé et al. 2003).

What ensures colonization and survival during transport
on a plastic raft? Kiessling et al. (2015) reviewed 82 publica-
tions with the aim of characterizing marine debris rafters,
their biological traits, and identifying the specific conditions
rafters face in order to survive their voyages. Their results
suggest that a majority of species act as facultative rafters
(77%), as fully sessile (59%), and as suspension feeders
(72%). This can easily be compared to communities of algae
rafts, which are more complex at the structural level, and
more capable of hosting mobile species with different feed-
ing patterns (Thiel and Gutow 2005).

Colonization might influence certain characteristics of a
plastic raft. Floating behavior might be altered, as the added
weight of rafters may stabilize an otherwise highly buoyant
and unbalanced object. This would increase colonization
probability (Bravo et al. 2011) and the succession of the raft-
ing community, but heavy fouling on a plastic item may
increase the raft’s weight and cause it to sink (Ye and
Andrady 1991; Barnes et al. 2009). If this causes death and
loss of rafters, it may result in decolonization and resurfacing
of the item (Ye and Andrady 1991), extending the life of
plastic as a vector. The size of a particular piece of debris can
also play a part in influencing the species richness and
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density of organisms rafting on it. Studies have shown a pos-
itive correlation between higher taxonomic richness and a
larger surface area of plastic debris (Carson et al. 2013;
Goldstein et al. 2014). However, this may be due to stochas-
tic effects, biased sampling efforts (smaller items sink faster
when colonized by fewer organisms) or other characteristics
of the raft such as stability (Goldstein et al. 2014).

Although it is not expected that marine litter opens up
novel pathways that are not available for other rafting mate-
rials (Lewis et al. 2005), it is more durable, more pervasive,
and travels slower in comparison with vessel hulls, factors
that might favor the survival of rafters (Barnes 2002).
Therefore, the presence of plastic debris in the ocean might
be adding another dimension to rafting and dispersal
opportunities.

Today, we are familiar with calls to consider plastic as
hazardous materials (Rochman et al. 2013), investing in bet-
ter controls for waste management (European Commission
2018), and seeing strong lobbying in certain sectors of social
media. As Rech et al. (2016) state, our main research priori-
ties should center around estimating the impact of marine
litter on NIS dispersal, and identifying sources and sinks by
better understanding behavior of debris in ocean currents.
Future research should consider unifying sampling methods
to obtain comparable results and including base knowledge
of local communities to better monitor arrivals of NIS while
continuing our advance in taxonomic and genetic identifica-
tion methods to be able to better identify species that might
be cryptic or yet unknown to us (Carlton and Fowler 2018).

Finally, recognizing that the plastic problem is theoreti-
cally an avoidable one, research should be accompanied by
management that aims in the direction of education and pub-
lic awareness, the surveillance and protection of sink zones,
and the reduction of production through taxation and
banning.

10.2.6 Climate Change

Hellmann et al. (2008) identified possible ways in which cli-
mate change may affect NIS either directly or by influencing
their competitors or dispersal: Firstly, climate change alters
traits of habitats such as temperatures and CO, concentra-
tions, which may reduce environmental constraints for
marine invaders and diminish native species’ competitive-
ness. Ultimately, this would increase the establishment rate
of NIS in a new habitat. Secondly, climate change alters
human-induced propagule pressure by affecting maritime
tourism, cargo, and recreational activities. Finally, Hellmann
et al. (2008) argued that climate change may lead to range-
shifts of species, a trend that has been documented multiple
times in the scientific literature, and which does not only
affect NIS, but also native species (Sorte et al. 2010b; Carlton

2011; Wernberg et al. 2011; Canning-Clode and Carlton
2017; Martinez et al. 2018).

Although marine range-shifts occurs at a slower rate than
marine introductions through anthropogenic vectors, the
impacts on ecological communities in both scenarios can be
very similar (Sorte et al. 2010a) and thus range-shifts due to
human-induced climate change may be considered a type of
anthropogenic introduction.

Climate change predictions include not only a change in
the overall temperature but also the increasing climate vari-
ability (Rhein et al. 2013). Aperiodic cold snaps have been
observed to reduce the number of invasive species (Canning-
Clode et al. 2011). In this particular example, a cold snap in
January 2010 in Florida, USA caused high mortalities of
many marine organisms, among them the invasive porcelain
crab Petrolisthes armatus (Firth et al. 2011; Kemp et al.
2011). Testing the survivability of P. armatus in cold water
treatments, Canning-Clode et al. (2011) found that abnormal
cold temperatures decrease the population of the invasive
crab. Cold snaps limiting NIS might be relevant worldwide,
but do not balance out climate change-induced range-shifts
of NIS (Canning-Clode and Carlton 2017). In fact, individ-
ual examples show that NIS may expand to a broader distri-
bution range after its population got reduced by a cold snap
(Crickenberger and Moran 2013). Canning-Clode and
Carlton (2017) assumed that NIS surges will eventually out-
number NIS setbacks along with predicted warming climate.
This is underlined by several studies showing the beneficial
impact of warmer water on NIS (Stachowicz et al. 2002;
Sorte et al. 2010b; Kersting et al. 2015).

Stachowicz et al. (2002) found several benefits for non-
native fouling species in warmer water temperatures.
During a 10-year monitoring campaign, starting in 1991,
they found a positive correlation between mean tempera-
ture and total recruitment of NIS, whereas the opposite
trend was observed for native species. Additionally, non-
native fouling species started their recruitment earlier in
warmer waters, a remarkable advantage over native spe-
cies. Stachowicz et al. (2002) also tested the growth of two
non-native and one native ascidian species under different
water temperatures resulting in faster growth of the former
in warm water conditions. Sorte et al. (2010b) conducted
mortality experiments with four native and seven non-
native sessile species (bryozoans, colonial and solitary
tunicates, and hydroids) in increased temperature treat-
ments. They observed that the temperature at which only
50% of the species were alive is 3 °C higher for NIS than
for native species, suggesting that NIS are more resistant to
abnormally high temperatures.

Overall, there seems to be a trend of species shifting their
ranges polewards along the continental coasts with proceed-
ing climate change (Miiller et al. 2009; Sorte et al. 2010a;
Wernberg et al. 2011; Morley et al. 2018).
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10.3 Forecasting

Of all transferred species, only a small number become truly
invasive (see the “tens rule”; Williamson and Fitter 1996).
Identifying the potential of an introduced species for disper-
sal and establishment can be useful in risk assessment. In this
cause, Ecological Niche Modelling (ENM) and Species
Distribution Models (SDM) can be of great help when pre-
dictions of species’ potential distributions are needed.
Conservation biology can, besides other applications (Guisan
and Thuiller 2005; Gavin et al. 2014), profit from SDMs for
risk assessment of invasions (Peterson 2003; Thuiller et al.
2005; Seebens et al. 2016). An ecological niche represents an
n-dimensional (e.g., food-availability and temperature gradi-
ent) space in which a species can thrive (Hutchinson 1957).
For distribution modelling, a model is usually calibrated on a
species’ niche and then projected onto the geographic space
of interest. Here, the calibration process is conducted on
available information of a species’ known distribution and/or
biological traits and the projection area is compared with the
needs of a species. Like that, the suitability of an area can be
evaluated and visualized. Calibration and projection can be
done on historical and present-day data and allow predic-
tions for simulated environmental conditions as, e.g., for
future or past climate scenarios. The importance of invasion-
risk assessments is underlined by Leung et al. (2002) who
developed a bio-economic model as a framework to assess
costs and benefits of invasions and their prevention efforts.
Leung et al. (2002) demonstrated that investment in preven-
tion over damage repair is to be preferred for society. For risk
assessments, the recognition of suitable habitat of a species
is of central interest. Hence, ENM is an important tool for
policy makers to evaluate and to react to possible invasions
before they can get economically or ecologically out of hand.
Although ENM/SDM-related publications have become
more and more abundant and yield valuable information for
a diverse array of interests, there is a huge gap in the number
of available publications between the terrestrial and the
aquatic realm and between organizational organism levels.
While a lot of studies are accessible for especially terrestrial
higher plants, mammals, and birds, aquatic (small) taxa are
still underrepresented (Soininen and Luoto 2014). Hence,
methodological aspects in the following section are partly
explained based on terrestrial studies. To understand the
underlying concept of ecological niche modelling, Soberon
and Peterson (2005) elaborated the work of Pulliam (2000)
and presented the BAM-diagram. The BAM diagram con-
sists of a set of suitable biotic, abiotic and accessible (move-
ment) spaces. Thus, A represents the fundamental niche and
the intersection of B and A represents the realized niche of a
species. The fundamental niche is the space which can theo-
retically be inhabited by a species. Contrary, the realized

niche represents the fundamental niche which is actually
inhabited but truncated due to abiotic or biotic factors. M can
contain naturally accessible regions as well as regions which
are reachable through anthropogenic influence. Restrictions
of M can be inherent (dispersal capacity of a species) or
external and either of natural (e.g., land bridges) or artificial
character (e.g., dams; Watters 1996, Ovidio and Philippart
2002). In the context of this paper, M (with respect to disper-
sal vectors) and A (with respect to changing climate) play
major roles. Implementation of B (as biotic interactions) into
models is still an area of investigation and rather case-
specific than following established concepts.

10.3.1 Limitations of Models
Through Knowledge Gaps

Distribution modelling is the projection of an identified niche
from one geographic range to another under the presumption
that species 