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Making up over 92% of life in our oceans, marine invertebrates inhabit every zone
in the water column, with contributions ranging from ecosystem functioning to
socioeconomic development. Compared to charismatic species, marine invertebrates
are often underrepresented in IUCN reports and national conservation efforts. Because
of this, as climate change intensifies in conjunction with increasing anthropogenic
pressures such as habitat destruction, many marine invertebrates are at risk of silently
heading toward extinction. However, public perception has shifted in recent years due
to the growing awareness of the important roles these invertebrates play in marine
and human life. This change may promote greater support for future research and
conservation campaigns of key species. This review highlights the importance of marine
invertebrates, the environmental and anthropogenic stressors they are currently facing,
and the inherent challenges in their successful conservation. Potential solutions to fill
the gaps in current knowledge will be also explored in the context of recent globalization
and technological advancements. The loss of marine invertebrate biodiversity will have
cascading ecological, economic, and sociological repercussions, so compiling key
information into a holistic review will add to the conversation of the importance of global
marine invertebrate conservation.

Keywords: marine invertebrates, conservation, ecosystem function, environmental stressors, anthropogenic
impacts, climate change

INTRODUCTION

Marine invertebrates inhabit every corner of the marine domain, from hydrothermal vents to
the unexplored Arctic (Snelgrove, 2016; Eisenhauer et al., 2019). Making up over 92% of marine
species, marine invertebrates are exceptionally diverse and continuously shape the biotic and
chemical composition of the oceans (Diniz et al., 2014). Not only do marine invertebrates play
essential roles in ecosystem functioning, but they are integral in providing various human services
(Pollack et al., 2013; Spalding et al., 2017; Alves et al., 2020). Marine invertebrates are recognized
for their complex, multi-stage life cycle, with most species having a free-swimming larval stage
prior to metamorphosizing into a sessile benthic adult (Carr et al., 2017; Pandori and Sorte, 2018;
Fuchs et al., 2020). Their larvae populate pelagic waters, but the logistics of conducting research
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in extreme environments such as the deep-sea prevent a
global estimate of current geographical distribution and
biodiversity; therefore, the majority of heavily studied marine
macroinvertebrates inhabit coastal or benthic ecosystems that
are easier for researchers to access (Webb et al., 2010; Guerra
et al., 2011). This research bias toward certain habitats and lack
of baseline data for many marine invertebrates leave species
vulnerable and understudied at a critical point in time.

Experts that have participated in the Census of Marine
Life1 have reached the consensus that invertebrate groups
are in urgent need of further assessment to pinpoint site and
species-specific conservation (Mather, 2013; Snelgrove, 2016).
Taxonomists have also expressed concern that many invertebrate
species may go extinct before they are even discovered and
described. Unlike charismatic organisms that are flagship
species for marine conservation such as cetaceans, the general
public is less cognizant of the roles that invertebrates play
in the ecosystem and their socioeconomic impacts (Mather,
2013; Collier et al., 2016). High priority invertebrate taxa
such as mollusks receive more political attention and research
funding for economic reasons, but this leaves other exploited
invertebrates at higher risk of being overlooked in conservation
efforts (Eisenhauer et al., 2019). Although vertebrate umbrella
species selected for making conservation-related decisions
may act as a proxy for invertebrate conservation, diversity,
and health, more studies need to be completed to confirm
the effectiveness of using marine vertebrates (Caro, 2010;
Oberprieler et al., 2019). It is more difficult to determine
potential umbrella species in marine systems because of the
diverse ecological requirements of the sympatric invertebrate
species and large home range of vertebrates. Therefore, reliable
conservation of marine invertebrates will be dependent on the
application of multiple management strategies and increased
understanding of their functional roles in the ecosystem
(Roberge and Angelstam, 2004).

Despite growing research on marine invertebrates, there
are still significant gaps in knowledge such as understanding
their tolerance to changing abiotic conditions (Hutchinson
shortfall) and their ecological functions (Raunkiaeran shortfall)
that impede the efficacy of conservation campaigns (Bini et al.,
2006; Cardoso et al., 2011; Hortal et al., 2015). These need
to be addressed in order to present a well-rounded case to
policymakers who can implement protective legislation. Overall,
the loss of marine invertebrate biodiversity is a central issue
when predicting the effects of climate change on marine
ecosystems because these problems are interdependent and
exacerbate each other (Clark et al., 2016; Eisenhauer et al.,
2019). The hyperdiverse habitats that invertebrates form sustains
stable ecosystem balance, and rapid biodiversity loss can have
lasting consequences. To create a legal foundation to mitigate
this impact, several regulations have already been passed
through recent international initiatives such as the Marine
Strategy Framework Directive European Commission [EC],
2008 (Directive 2008/56/EC) in which Annex 1 (Descriptor
1) addresses the need to maintain biodiversity to achieve

1www.coml.org

Good Environmental Status. The European Union also recently
renewed the 2020 Biodiversity Strategy (European Commission,
2020) for another 10 years with the ambitious 2030 Biodiversity
Strategy to work toward ending global biodiversity loss.

This paper will be arranged in four distinct sections.
First, an introductory overview of the importance of marine
invertebrates will be given, including their ecological roles,
commercial uses, and contributions to the global economy.
The global stressors threatening marine invertebrates will be
explored in the section “Anthropogenic pressures faced by
marine invertebrates” to highlight the challenges in conservation
as human-induced pressures intensify and natural systems shift
in response. Figure 1 is a graphical representation of what will
be covered in the section “Anthropogenic pressures faced by
marine invertebrates” which are the major causes of biodiversity
loss due to anthropogenic and environmental stressors. For the
two sections “Widespread importance of marine invertebrates”
and “Anthropogenic pressures faced by marine invertebrates,” it
is not possible to include every major invertebrate group and
the challenges they face; therefore, representative species of key
phyla will be discussed in relation to the associated traits and
impacts. The section “Challenges in Global Conservation” will
draw attention to the current difficulties in marine invertebrate
conservation as well as potential ways to overcome them. Finally,
the section “Addressing Current Challenges” will focus on how
scientists can implement new technologies and methodologies
to fill the gaps in current knowledge and help drive successful
conservation efforts. The aim of this review is to contribute to
the ongoing conversation of the importance of invertebrates in
marine ecosystems around the world and illustrate the need for
immediate conservation measures. Compiling this information
will be critical for informing the future directions of sustainable
management and developing robust experimental protocols to
carry out research.

WIDESPREAD IMPORTANCE OF
MARINE INVERTEBRATES

Ecological Roles
Water Quality Improvement
Water filtration is a unique function in filter-feeding bivalves,
and their presence has a direct impact on local water quality.
Oysters (phylum Mollusca) play a vital role in coastal ecosystems,
with a single oyster filtering 50 gallons of water a day; large-
scale biogenic oyster reefs have also been introduced in aquatic
ecosystems to cleanup waterways and biomonitor human water
treatment processes (Jackson, 2008). It is well known that
oysters act as a natural seawater filtration system to improve
local water quality, creating a positive feedback loop with the
expansion of seagrass beds and other essential habitats (Parker
et al., 2017; Bricker et al., 2018). However, recent initiatives
have been pushing the capabilities of juvenile and adult oysters
to bioextract excess nutrients in order to meet the standards
of the Clean Water Act and the Water Framework Directive
in the United States and Europe, respectively (Bricker et al.,
2018, 2017). Excess nutrients such as phosphorus and nitrogen
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FIGURE 1 | Spider diagram representing six common causes of biodiversity loss with three reasons why for each separate cause. For example, one cause of
biodiversity loss is physical destruction of habitats that is driving species to extinction, and one reason for that habitat destruction is the use of dynamite fishing. The
six subheadings in section three align with the six causes in figure.

from urban runoff can cause harmful algal blooms and damage
the local ecosystem, but oyster-associated removal of nitrogen
via tissue or shell assimilation can reach a high of 2,554 kg
in farms and regulate this influx (Pollack et al., 2013; Bricker
et al., 2020). There are no negative impacts recorded yet on
oyster physiology from the assimilation of nitrogen, but it will
be important to conduct longitudinal studies so that multi-
stressor experiments and genetic analyses reflect the changing
environmental conditions (Bricker et al., 2018). Oysters are able
to withstand variations in their environment better compared
to other bivalves, but climate change is threatening them at a
rate faster than they can adapt to by narrowing their tolerance
threshold for salinity and pH (Prado et al., 2016; Parker et al.,
2017). If these keystone species were to die-out in an area,

the species associated with oyster beds may as well, so urgent
legislative measures need to be taken to effectively conserve these
marine invertebrates.

Nutrient Cycling
In the ocean, the major nutrients of carbon, nitrogen,
phosphorous, and silicon are moved through biological and
physical processes. Nutrient cycling is essential to keeping the
balance in marine ecosystems, but many nutrient models and
subsequent budget quantification don’t include key invertebrates
that effectively cycle nutrients (Pitt et al., 2009; Ehrnsten
et al., 2020). Relatively understudied, sponges (phylum Porifera)
are ubiquitous in the ocean and as suspension feeders, they
constitute an important trophic link between benthos and the
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water column (Maldonado et al., 2011, 2012). 75% of extant
sponges require silicon to form hard spicules that give them
their shape, but silicon uptake by sponges was always assumed
to be negligible, especially when diatoms are considered the
main controllers of biogenic silica (Maldonado et al., 2012).
However, Maldonado et al. (2010) found that contrary to popular
belief, in the Belizean section of the Mesoamerican Barrier
Reef, sponges accounted for 88.6% of the total biogenic silica
while diatoms represented only 4.2%. The lack of knowledge
in the spatial distribution, population density, and range limits
of sponges needs to be addressed to properly calculate silicon
budget and model environmental impacts if their decline
continues (van Soest et al., 2012; Gerovasileiou et al., 2018;
IUCN, 2020). Similarly, cnidarians such as jellyfish are rarely
talked about in the context of nutrient cycling. Characterized
by their boom and bust population dynamics, jellyfish have
an influence on carbon, nitrogen, and phosphorous uptake
through ingesting prey or actively absorbing elements from
the environment (Sweetman et al., 2016; Guy-Haim et al.,
2020). Since jellyfish are the dominating organism of gelatinous
biomass, the decomposition of jellyfish blooms alters the benthic
biogeochemical cycles by releasing high rates of nitrogen
and phosphorous (Pitt et al., 2009; Sweetman et al., 2016;
Tinta et al., 2016). In an experimental setup mirroring the
Mediterranean Sea, Guy-Haim et al. (2020) found that the
decomposition of the invasive jellyfish, Rhopilema nomadica,
ultimately caused anoxic conditions in the bottom water and
increased the sediment oxygen demand. Jellyfish blooms have
been increasing in size and abundance in marine regions
around the world, and with an average body composition ratio
of 11:1 nitrogen to phosphorous, blooms could influence the
oceans’ nitrogen flux (Lucas et al., 2011; Tinta et al., 2016).
Therefore, these post-bloom processes need to be studied in situ,
especially in eutrophic systems that are already vulnerable to
harmful algal blooms. Although jellyfish are pelagic species,
bioturbating species such as polychaetes also play a significant
role in nutrient dynamics and cycling in soft sediments by
stimulating growth of the microbial communities responsible
for organic matter remineralization (Kauppi et al., 2017, 2018).
The act of burrowing by polychaetes increases transport of oxic
bottom water into the anoxic sediments, releasing sedimental
phosphorous back into the water (Hietanen et al., 2007;
Swan et al., 2007). However, bioturbation can also increase
phosphorous binding to sediment; therefore, phosphorous burial
from large population densities of polychaetes could potentially
reduce eutrophication in nutrient-rich areas (Hietanen et al.,
2007; Kauppi et al., 2017). The functional traits of individual
species, overall biomass, and surrounding environment all impact
polychaete contribution to nutrient cycling. In fact, the results
in Kauppi et al. (2018) were that three different species of
invasive Marenzelleria spp. all affect different nutrient fluxes,
with M. arctia having a larger effect on nitrogen cycling while
M. viridis mostly impacted the phosphate flux. Bioturbating
invertebrate species are sensitive to any environmental variation,
so it will be important to research the knock-on effects
of climate change on macrofaunal bioturbator behavior and
physiology. As marine invertebrates face increasing threats in

the next few years, it will be important to take note of the
interconnectedness of nutrient transfer through food webs and
the potential consequences.

Habitat Engineering
Reef-building corals (phylum Cnidaria) are ecosystem engineers
found across the world’s oceans and play an important role
in the marine ecosystem. They cover less than 0.1% of the
ocean surface but provide habitats and ecosystem services
to more than 25% of known marine species; tropical and
temperate coral reefs create complex three-dimensional habitats
that stimulate recruitment of diverse larval invertebrate species,
provide essential nursing grounds, and protect coastlines from
severe weather events (Graham and Nash, 2013; Hoegh-Guldberg
et al., 2017). Developing nations in the tropics are the most
vulnerable to climate change impacts, but shallow-water reefs
play a large role in wave attenuation that prevents property
damage and erosion of coastlines. Because these nearshore
reefs create important habitats that both other invertebrates
and humans depend upon, there needs to be policies in place
to conserve these areas of importance and increase resilience
(Cinner et al., 2009). Even though deep-sea corals comprise
the majority of total coral species, they are not as well-studied
as shallow-water corals. However, increasing evidence shows
that these deep-sea reef sites are biodiversity hotspots and
can even be used to gather paleoclimate and paleoproductivity
proxy data (Tracey et al., 2013; IPCC, 2014). Both warm and
cold-water reefs regulate density-dependent competition, and
previous studies have shown a positive relationship between
stable reef systems and invertebrate density and biomass (Cinner
et al., 2009). Unsustainable environmental stress is driving
many corals to die-off and leaving reefs unable to recover;
these shifts from coral-dominated to sponge-dominated reefs
may be inevitable as coral degradation will continue under
any projected IPCC climate scenario (Bell et al., 2013; IPCC,
2014; Chaves-Fonnegra et al., 2018). The different structural
complexity and ecological processes of a primarily sponge reef
will negatively impact marine invertebrates that would normally
thrive on a functioning coral reef system. Quantification of
reef complexity should be an important part of monitoring
these habitats in the future, and management objectives need to
introduce conservation policies to lessen anthropogenic stressors
on corals and other invertebrates (Graham and Nash, 2013).
Less researched than corals, barnacles (phylum Arthropoda) are
also an important habitat engineer on rocky intertidal shores.
The hydrodynamic forces and harsh environment can result
in high mortality for many invertebrate species, making them
dependent on ecosystem engineers such as barnacles to provide
refuge (Harley, 2006; Sueiro et al., 2011; Silva et al., 2014).
Silva et al. (2014) found that the small periwinkle, Melaraphe
neritoides, colonize empty barnacle tests as a microhabitat for
juvenile snails, with minimum occupation 70% after 1 day and
100% after 3 months of monitoring. Without the presence of
barnacles, M. neritoides populations may significantly decrease
from lack of crevice availability and subsequent predation.
Similar activity to escape stressors was detected with the
spionid worm Boccardia polybranchia, which had the highest
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population density found in burrows in-between barnacles
(Sueiro et al., 2011). Barnacle species vary in size and the empty
tests of larger species could potentially host other invertebrates
in the intertidal during their vulnerable juvenile stage (Harley,
2006; Silva et al., 2014). With this knowledge, coastal marine
infrastructure could also implement barnacle beds and enhance
multifunctionality to not only recruit diverse species assemblages,
but also protect coastlines against erosion or weathering effects
(MacArthur et al., 2019).

Commercial Uses
Natural Products and Cosmetics
In the cosmetics industry, the booming interest of bioactive
compounds and nutrient-rich products have led researchers to
explore the natural resources of the ocean. Almost all major
invertebrate phyla, from crustaceans to cnidarians to polychaetes,
possess desirable cosmetic qualities such as water retention
and anti-inflammatory molecules (Brunt and Burgess, 2018).
With a valuation of over $400 billion, the cosmetics market is
shifting toward exploiting the marine environment to provide
a viable source of undiscovered natural products and replace
the use of terrestrial animals, since compounds derived from
land animals carry certain religious restrictions (Balboa et al.,
2015; Brunt and Burgess, 2018). One prominent invertebrate
that is widely used in cosmetic production are sea cucumbers
(phylum Echinodermata) because of their mineral-rich extracts
and natural abundance of collagen (Purcell et al., 2016; Siahaan
et al., 2017). The skin-whitening and anti-aging effects of their
extract is highly sought after, providing an incentive to grow
populations of species using aquaculture; this is proving to be
difficult because sea cucumbers mature very late in life and there
is limited success of spawning them in captivity (Mercier and
Hamel, 2013). Many companies who specialize in functional
cosmetics have proposed extracting the collagen from by-product
to reduce widespread disposal of sea cucumber by fisheries;
however, because of the monetary rewards, small sea cucumber
fisheries have expanded into large-scale legal and illegal fisheries
that deplete stocks without proper management, with roughly
200 million individuals harvested annually (Purcell et al., 2016;
Siahaan et al., 2017). Sea cucumbers play a key ecological
role as bioturbators and efficient nutrient recyclers, so specific
regulations need to be put in place to limit illegal harvesting
and provide common guidelines (MacTavish et al., 2012; Mercier
and Hamel, 2013). On the other hand, the harvesting of jellyfish
for cosmetic purposes may be ecologically beneficial for higher
trophic species by reducing jellyfish predation on larval fish
(Kim et al., 2016; Tilves et al., 2016). Because of their high
collagen content, jellyfish extract has potential to be used in
moisturizers to increase hydration and decrease natural water
loss (Guillerme et al., 2017; Brunt and Burgess, 2018). Asian
countries such as South Korea and Japan have high occurrences
of jellyfish blooms which are nuisance events for fisheries, so
they have recently been taking steps to incorporate jellyfish as
a mainstream ingredient in their booming cosmetics industry
(Kim et al., 2016). As a viable source of collagen protein and
natural wound healing effects, the increased use of jellyfish in

cosmetics could be part of the solution for impacted fisheries.
There has been hesitancy surrounding jellyfish aquaculture since
the negative effects of jellyfish on aquaculture facilities have been
well documented, with a recent review reporting 130 cases of
negative impacts in 553 papers (Bosch-Belmar et al., 2020). More
research needs to be done on efficient culturing of jellyfish if
wild population harvest will not meet the global demand in
the future. Although current harvesting practices of a range
of invertebrates are unable to sustainably meet global demand,
the rapid advances in technology may soon allow researchers
to biosynthesize production of different compounds which will
help reduce impacts on ecosystem dynamics (Malve, 2016;
Alves et al., 2020).

Medical Advances
The future of medicine may be heavily dependent on ocean
invertebrates, as many researchers are discovering novel disease-
resistant chemical compounds that have the potential to be
developed into drugs. Some of these extracted natural products
derived from invertebrates have wound healing, antimicrobial,
and anticoagulant properties that can be further synthesized to
interfere with the pathogenesis of human diseases (Zoysa, 2012;
Senthilkumar and Kim, 2013). All invertebrate groups contain
these specialized molecules because of the threats that force their
evolution, and genetic diversity in response to their environment
results in increased chemical diversity (Malve, 2016). Thousands
of active biochemical substances have already been isolated
from marine invertebrates, but few reach the point of large-
scale development. Many invertebrates such as sea urchins
are model organisms for genetic and developmental biology
research, so even if they are not useable in drug production,
understanding their biological pathways and mechanisms is
nevertheless of utmost importance (Wilson-Sanders, 2011). One
marine pharmacological success is the use of cone snail toxin
to treat chronic pain; 1,000 times more potent than morphine,
this compound has been administered to cancer and HIV
patients without addiction side-effects (Gao et al., 2017; Jin
et al., 2019). Increased clinical trials and approvals result in
a demand for production in higher quantities. Despite their
medical and esthetic value, which can also provide income
to fishing communities through the shell trade, Peters et al.
(2013) found that there is virtually no legal protection for
cone snails anywhere in the world. Similarly, it is commonly
known that horseshoe crabs (phylum Arthropoda) are readily
harvested in the biomedical industry because their hemolymph
containing Limulus Amoebocyte Lysate is the method of choice
for bacterial endotoxin tests (Novitsky, 2009; Gauvry, 2015;
Novitsky, 2015). At current regulations, the rate that they are
harvested is concerning, especially because recent evidence shows
the mortality rate after being released is 30%, with females
also experiencing an impaired ability to spawn after bleeding
(Novitsky, 2015; Krisfalusi-Gannon et al., 2018). Horseshoe
crabs are key invertebrate species in coastal communities, and
since their eggs are the main food source for endangered
migratory shorebirds, there needs to be studies by experts
about the socioecological impacts of their overexploitation for
medical advancement (Niles et al., 2009). As research into the
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pharmacology of marine invertebrates continuously grows with
the endless possibilities of marine-derived drugs, conservation
guidelines need to be available so that the harvesting is sustainable
and ethically sound.

Economic Value
Shellfish Aquaculture
Driven by the rising demand in seafood consumption and
overexploitation of wild populations, aquaculture of crustaceans
and mollusks has become a sustainable way of meeting
those demands. Many coastal regions around the world have
already developed aquaculture into a stable industry, with Asia
dominating the sector because of the high shellfish diet and
medicinal values that is inherently part of the culture (Tezzo
et al., 2020). As the human population is on track to hit
9.7 billion people by 2050, shellfish aquaculture will play an
important part in providing food and economic security, with
global aquaculture production bringing in nearly $265 billion
in 2018 (Garza-Gil et al., 2016; FAO, 2020). The recent growth
in global aquaculture facilities has also increased employment
opportunities, stimulating local waterfront economies and
becoming a steady source of green jobs in rural areas (Little et al.,
2016; FAO, 2020). With many consumers now gaining awareness
and asking for transparency in where the shellfish is farmed, they
are willing to pay more money if they know the stock is grown in
safe and sustainable environmental conditions, which is pushing
facilities to adopt best aquaculture practices (Garza-Gil et al.,
2016; Zander and Feucht, 2017; Yi, 2019). This upward trend
in consumer willingness to pay incentivizes shellfish farmers to
seek out certification from sustainable aquaculture organizations,
thereby setting a standard they must follow to increase profits (Yi,
2019). The implementation of new methods such as recirculating
water and shifting to integrated multi-trophic aquaculture to
improve efficiency and reduce waste may be the new normal
as sustainable aquaculture grows (Tezzo et al., 2020). However,
while there has been much research on the production economics
of aquaculture, there are important economic questions that still
need to be addressed in the future from the aspect of social
welfare and potential conflict with tourism (Dresdner and Estay,
2016; FAO, 2020 conservation value).

Tourism Dependency
Tourism is the lifeblood of many local communities on tropical
nations where there is an abundance of coral reefs because they
rely on the goods and services that the reef ecosystem brings
(White et al., 2000). Although coral ecosystems provide a stable
food source by creating a suitable habitat for many species,
there is also the esthetic quality and culturally important sites
or traditions that surround them (Hoegh-Guldberg et al., 2017).
These all play a part in increasing tourism interest that boosts
the regional and national economy because studies have shown
that the marketing of a healthy reef system, including clear
water and fine beach sand, draws more visitors and economic
profit (Spalding et al., 2017). In fact, investing and maintaining
coral reef health in Indonesia alone could unlock $37 billion
in value by 2030 (UN Environment et al., 2018). However,
the increase in unmonitored commercial development meant

to increase financial gains for the tourism sector is oftentimes
destroying habitats that will ultimately result in declining
tourism. Recreation and livelihoods are inherently linked to
the well-being of coral reefs; if these invertebrate engineers
continue to decline without intervention, it will threaten main
touristic activities such as scuba diving and sport fishing (White
et al., 2000; Spalding et al., 2017). Nature-based and eco-friendly
tourism has been gaining popularity, so governments should be
motivated to introduce conservation policies that preserve the
natural biodiversity while correspondingly increasing tourism
appeal (Leposa, 2020). As ecotourism interest keeps trending
upward, transparency between locals, scientists, and government
officials will be paramount to address balancing the trade-
offs between the economic benefits, cultural importance, and
maintenance of ecosystem resilience.

ANTHROPOGENIC PRESSURES FACED
BY MARINE INVERTEBRATES

Indirect Impacts
Ocean Acidification
The ocean is a major sink of anthropogenic carbon dioxide
(CO2), with studies showing that the absorption of atmospheric
CO2 by the ocean, which is around 26% of emissions, mitigates
climate change by decreasing the CO2 levels in the air (Zheng
and Cao, 2015). However, the recent flux of CO2 emissions
caused by rapid growth of human activities such as fossil fuel
burning and land-use doesn’t give marine life a lot of time to
keep up and adapt to the changes, and the persistent decrease
of pH is causing ocean acidification to emerge as a global issue
(Wicks and Roberts, 2012). A number of calcifying marine
invertebrates use calcium carbonate minerals to build up their
skeletons and shells, but the effects of acidification interfere
with this fundamental process due to the undersaturation of
the ocean’s aragonite and calcite states (Zheng and Cao, 2015;
Mongin et al., 2016). Making up over 89% of pelagic calcification,
pteropods are mollusks that depend on steady availability of
carbonate ions to build their aragonitic shells, and are extremely
susceptible to dissolution from acidification; they are commonly
called the ocean version of “canaries in the coalmine” because
their high sensitivity to environmental changes makes them
good bioindicators (Peijnenburg et al., 2020). When these
calcifying organisms die, they sink to the deep ocean and
sequester the CO2 long-term, contributing significantly to the
global carbon balance. Because creating their shells require
so much energy, with increasing acidification causing a lower
availability of carbonate ions, the pteropod itself would likely die
prematurely after such an energetic expense (Katja et al., 2020;
Peijnenburg et al., 2020). If these small organisms face widespread
physiological failure from shifting environmental conditions,
there will be negative ramifications on the carbon cycle. Although
pteropods have survived dramatic shifts in pH throughout the
geologic time scale, with anthropogenic carbon dioxide expected
to increase 0.5% per year for the rest of the 21st century, the
speed and magnitude of increasing acidification today may not
allow enough time for them to adapt (Wicks and Roberts, 2012).
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Because aquatic systems are inherently linked to human life, a
significant decrease in pteropod population could have negative
social and economic impacts, especially since pteropods make up
over 60% of pink salmon diet in Alaska (LeBrasseur, 2011; Howes
et al., 2014). To combat this and conserve all types of calcifying
invertebrates, pressure needs to be put on regional policymakers
to reduce land-based pollution, expand efforts to reduce CO2
emissions, and collaborate on science-based solutions.

Biological Invasions
As international trade has steadily grown in recent decades,
human-mediated pathways and vectors like ballast water and
trade of ornamental species have overcome biogeographical
barriers that would have previously prevented species from
successful invasion (Hulme, 2009). Invasive species can devastate
native habitat balance by outcompeting indigenous invertebrate
species for food and restructuring food webs, which can cause
trophic cascades, as most invaders do not have natural predators
to control their populations (Kelly et al., 2013; Strand et al., 2013).
For example, the invasive Asian golden mussel, Limnoperna
fortunei, has been found to directly impact native crustaceans
and mollusks through biofouling, with up to 300 golden mussels
attached onto a single individual (Mansur et al., 2003). The
fouling of L. fortunei on native invertebrates hinders the hosts’
ability to effectively shelter from predators and increases their
energy expenditure by carrying the mussels around (Sylvester
et al., 2007; Lopes et al., 2009). However, it is necessary to
note that there can also be positive ecosystem impacts that
accompany invaders. In many studies, L. fortunei actually
increases biodiversity and biomass of accompanying native
invertebrates by facilitating recruitment (Sardina et al., 2011;
Boltovskoy and Correa, 2014; Duchini et al., 2018). This could
be because L. fortunei beds provide structural complexity and
shelter, with juvenile mussels becoming an additional food source
for native benthic invertebrates (Sylvester et al., 2007). Moving
forward, it will be important to study other invaders apart from
ecosystem engineers since many successful invasive species may
not provide any beneficial impacts. In the last two decades, there
have been an influx of studies on invasion biology in limnic and
terrestrial ecosystems, but marine systems are underrepresented
because of the dynamic environment that requires higher
technical efforts and planning. Thomaz et al. (2015) found
that out of 432 papers in leading ecology and invasion biology
journals, research regarding marine invaders only comprised
12.2%. In general, species’ geographic ranges are controlled by
thermal tolerances, but many aquatic invaders are able to cope
with shifting environmental conditions and possess traits that
may assist in invasion success to outcompete native invertebrates,
including high reproductive output and non-selective feeding
(Fletcher et al., 2016). This will be an important dynamic to
consider as climate change intensifies and biotic homogenization
continues with increasing anthropogenic introduction of invasive
species. Not only will warming temperatures facilitate the spread
of marine invasive species to higher latitudes, but extreme
events compounded by climate change (e.g., hurricanes) can
transport species and leave native invertebrates vulnerable to
invasion (Diez et al., 2012; Bellard et al., 2018). These factors

may also trigger a response in the phenotypic plasticity of marine
invertebrate species, changing their behavioral or morphological
attributes to adequately adapt to new environmental conditions
and compete with higher numbers of invasive species. The
energetic cost of these mechanisms needs to be studied in
native invertebrates across multiple generations in order to track
how they can cope long-term with the introduction of invaders
(Gibbin et al., 2017). In addition, successful management
and surveillance will require interdisciplinary cooperation and
adoption of best practices to mitigate the ecological impacts of
global aquatic biological invasions on invertebrate communities.

Human-Mediated Pollution
Over the past century, human activities have drastically changed
fragile coastal ecosystems, from mangroves to intertidal zones.
Heavy metal pollution from industrial development not only
has toxicological effects on humans, but the discharge of
contaminants often renders ecosystems uninhabitable for marine
invertebrates (Briffa et al., 2020). Negative synergistic effects
of cadmium and temperature have been found during direct
experiments with bioindicators such as oysters, scallops, and
sea urchins (Lannig et al., 2006; Benedetti et al., 2016; Chiarelli
et al., 2019). For these studies, when the invertebrate populations
were subjected to increasing amounts of cadmium as well as
temperature over time, the mortality rate quickly escalated in
proportion. Even if some species of marine invertebrates have
tolerance to high concentration of heavy metals, sublethal effects
(e.g., lowered growth rate) from chronic exposure have the
potential to disrupt entire habitats (Chiarelli et al., 2019). There
is a high dependence of global coastal communities on fishing,
but there may be a point in time when harvested shellfish are
unable to be consumed anymore due to the bioaccumulation
of toxins that they store in different areas of their tissue and
its direct impact on human health (Elston et al., 1982; DaSilva
et al., 2012). On the other hand, moderate exposure to certain
metals may have some benefits for keystone invertebrate species.
Sponges are able to process large volumes of seawater which
makes them vulnerable to bioaccumulate pollutants during their
sessile adult stage, but short-term pulses of cadmium and copper
has been shown to quicken larval settlement and improve cell
aggregation (Chiarelli and Roccheri, 2014). However, Cebrian
and Uriz (2007) found that the larvae of the sponge Scopalina
lophyropoda faced settler mortality after 5 days of exposure
to moderate concentrations of these metals. Similar patterns
were found in bryozoan colonies with inhibited metamorphosis
after accelerated larvae settlement (Ng and Keough, 2003).
This means that even if invertebrate larvae are able to settle
quicker and the short-term effects are positive, their juvenile
stage will face negative eco-toxicological effects that may lead to
mortality. Future studies outside of the laboratory setting and
long-term follow-up on invertebrate colonies will be important,
as most research ends after the initial stages of settlement
and metamorphosis (Ng and Keough, 2003; DaSilva et al.,
2012). Sponges and bryozoans are key invertebrate species that
provide structural support, shelter, and nursery grounds for
associated species, so their physiological responses to potential
toxicity scenarios, whether positive or negative, need to be
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researched as industrial activities such as ship-breaking increase.
In Bangladesh, ship-breaking yards, where workers dismantle
ships to be recycled or scrapped, discharge hazardous pollutants
and heavy metals into the coastal marine ecosystem (Hossain
et al., 2016; Byrnes and Dunn, 2020; Pandiyan et al., 2021).
The Bay of Bengal supports high marine biodiversity along the
coast, but pollutants from these ship-breaking yards have been
shown to delay development and cause irregular cell division
in mollusks and crustaceans (Siddiquee et al., 2009). Benthic
invertebrates and filter feeders such as polychaetes accumulate
heavy metals through the sediment and their food source,
with polychaete tissue in the Bay of Bengal having higher
concentration of nickel and cadmium than in either the water
column or sediment (Pandiyan et al., 2021). From a holistic view,
there is no direct solution, since ship-breaking yards provide
direct employment opportunities for over 25,000 Bangladeshi
people, which stimulates the economy and reduces the need
to import steel (Siddiquee et al., 2009; Hossain et al., 2016).
Another challenge is that developing countries with shipbreaking
industries such as Bangladesh, India, and Pakistan, often have
lax environmental laws and inconsistent enforcement for any
regulations (Byrnes and Dunn, 2020). Anthropogenic emissions
of heavy metals keep increasing due to industrial activities, but
there still has not been a global assessment of the concentration of
toxic metals throughout the oceans. This would be an appropriate
next step, especially since in the next decade, an emerging issue
relating to heavy metal contamination will be due to deep-sea
mineral extraction. Deep-sea ore deposits contain heavy metals,
and the mining of these nodules may result in breakage and
leaching of toxic concentrations into the water column (Fuchida
et al., 2017; Hauton et al., 2017; Smith et al., 2020). As human-
mediated pollution increases, collecting global baseline data on
heavy metal concentrations and conducting more research of the
direct impacts on marine invertebrates will allow policymakers to
implement appropriate legislative measures.

Direct Impacts
Marine Aquarium Trade
The global trade in live marine invertebrate species for hobbyists
has grown exponentially in the past couple decades, with 725
invertebrate species regularly imported into the United States
compared to 2,250 marine fish species (Rhyne et al., 2017).
Although this multi-billion industry is present around the world,
the United States accounts for roughly 60% of the total aquarium
imports (Murray et al., 2012; Rhyne et al., 2012). The majority
of the species collected are from the Indo-Pacific and Caribbean
regions and although this industry provides a source of income
for marginalized communities, unlike freshwater aquariums,
less than 10% of the animals in the trade are aquacultured,
putting increasing pressure on the marine environment (Dee
et al., 2014). In fact, Militz et al. (2018) found that along the
marine aquarium supply-chain in Papua New Guinea, 38.6%
of the total invertebrate catch was lost due to mortality and
rejection during quality control. With a trade largely revolving
around esthetics, most of the rejections may be due to oversized
invertebrates, which are considered undesirable by hobbyists.

Recent development in technology is allowing for replication of
controlled natural environments, so serious aquarium hobbyists
have increased demand of juvenile invertebrates like ornamental
polychaetes, sea stars, and anemones (Rhyne et al., 2017). This
means that individual invertebrates are taken from their habitat
before they even had a chance to breed, which decreases the
population abundances and may have a cascading chain effect
on the overall reef system. Despite efforts to track the import
and export of these animals, most of the data systems currently
in use were not made for monitoring the aquarium trade; as a
result, fundamental information such as the species diversity and
volume go unreported (Rhyne et al., 2012, 2014). The poor trade
data may also stem from inaccuracies such as misclassification
during shipment and the lack of stock assessments for marine
invertebrate species, especially since rare ornamental species
are not likely to be encountered during a traditional survey,
so estimated populations are unavailable. The Convention on
International Trade in Endangered Species of Wild Fauna and
Flora (CITES) does federally mandate the protection of the trade
of endangered and threatened species, but the majority of traded
marine invertebrate species are not at risk of endangerment, so
they are not listed on CITES (Murray et al., 2012; Dee et al., 2014).
These surveys are therefore inadequate in promoting sustainable
trade of ornamental invertebrate species. The development of
a single entity to track species-level import/export data for all
rare and commonly traded marine invertebrate species will guide
future aquarium management into a sustainable direction with
accurate data.

Deep-Sea Mining
The race to exploit the fields of polymetallic nodules in the
Clarion-Clipperton Zone (CCZ) is steadily moving forward after
worldwide recognition of the high economic value of these
deposits (Vanreusel et al., 2016). However, at this point in time,
there are too many knowledge gaps about deep-sea ecosystems to
effectively and sustainably regulate seabed mining (Smith et al.,
2020). Although researchers used to call the abyssal plains barren
in the 20th century, upon further investigation, ecosystems on
the ocean floor are biologically complex and are important
habitats for a range of marine invertebrates. Vanreusel et al.
(2016) found that densities of abyssal epifauna are twice as
high in locations where there is dense nodule coverage, while
Amon et al. (2016) provided insight through a preliminary
study of the UK-1 contract area of the CCZ that seven out of
twelve collected metazoan species are unknown to science. There
are thousands of undiscovered species that are unique to the
CCZ, and habitat heterogeneity is responsible for this drive of
biodiversity (Hauton et al., 2017; Taboada et al., 2018). Precise
seafloor mapping, comprehensive modeling, and conducting
systematic surveys are essential to create accurate baseline data
for each claim area. Through simulations and underwater vehicle
surveys, some research shows that mass removal of nodules and
the resulting alteration in seawater chemistry will have long-
term negative impacts (Amon et al., 2016; Simon-Lledó et al.,
2019). The active harvesting of polymetallic nodules by deep-
sea vehicles and robots will demolish these habitats by removing
the top 10–15 cm of the seabed during collection, causing
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sediment plumes that could be detrimental to pelagic as well
as benthic habitats (Simon-Lledó et al., 2019; Spearman et al.,
2020). However, the plume dispersion model from Spearman
et al. (2020) found that the impact of sediment plumes is less
than previously hypothesized and that impacts are localized. With
models showing different estimations, to effectively conserve
key invertebrate species and habitats, environmental risks such
as disturbance of larval connectivity and resilience of deep-sea
species need proper evaluation (Taboada et al., 2018; Smith et al.,
2020). Before the expansion of commercial mining activities of
these polymetallic nodule beds, thorough modeling of potential
pathway risks under varying levels of anthropogenic pressure
should be carried out.

Physical Habitat Destruction
Destructive fishing practices have been common as early as the
1960s in Tanzania, when fishermen used dynamite or blast fishing
to maximize their catch (Slade and Kalangahe, 2015; Chevallier,
2017). This non-selective technique uses explosives to stun the
wildlife and is banned by most countries since it has a negative
impact on all trophic levels in the marine ecosystem, whether it
is direct mortality of larger vertebrates or long-term impact on
benthic invertebrate assemblages after habitat destruction (Talma
et al., 2014; Braulik et al., 2015; Slade and Kalangahe, 2015).
A single dynamite explosion often kills all invertebrates within
the range of the blast, but the habitat can naturally recover in 5–
10 years; however, extensive blast fishing occurring in complex
systems like coral reefs will take several decades or centuries
to fully recover (Fox and Caldwell, 2006). Dynamite fishing is
still a pervasive problem in Southeast Asia and some African
countries, with 438 explosions detected by acoustic monitoring
in a 6-week pilot study near Dar es Salaam, Tanzania (Braulik
et al., 2015). Dynamite fishing is unsustainable for the ecosystem,
but many fishermen accept the risks because the chances of
getting caught are low and it is more lucrative, yielding a
number of fish in 2 days that would take 3 weeks to catch using
traditional methods (Pet-Soede et al., 1999). Fishermen who still
use ring nets or traditional practices are negatively impacted by
dynamite fishing, especially in underdeveloped regions where
their livelihoods depend on daily catch (Slade and Kalangahe,
2015; Katikiro and Mahenge, 2016). Financial limitations for
research in these countries may be a reason why there is a lack
of ecological studies on the impact of destructive fishing on
benthic communities, as most research found focused on the
sociological aspect of management. Current legal frameworks are
outdated and there is weak enforcement in developing countries,
so effective management to prevent dynamite fishing in the first
place is key (Talma et al., 2014; Katikiro and Mahenge, 2016;
Chevallier, 2017). As socioeconomic issues come into play, the
sustainable solution needs to be a transparent, collaborative effort
between local communities and the government, rather than
inciting tensions with top-down regulation. Another cause of
physical habitat destruction is global trawling; bottom-trawling
gear such as otter trawls, beam trawls, and dredges destroy entire
seabeds in their goal to fish their target species, with some dredges
plowing through 30 cm of sediment (Tudela, 2004). Long-term
impacts could be the destruction of macrobenthic bioturbating

species that inhabit the seabed, potentially leading to conditions
of hypoxia or exacerbation of eutrophication events. Trawling on
soft bottom habitats will not only remove non-target species, but
also resuspend sediments and change the sediment composition
in ways that could affect future invertebrate recruitment (Tudela,
2004; Kiparissis et al., 2011). This has already been shown by
otter trawling from a Norway lobster fishery in the Irish Sea,
where infauna abundance, biomass, and species richness were
reduced 72, 77, and 40%, respectively (Hinz et al., 2009). Large-
scale degradation of valuable habitats such as illegal trawling on
deep Posidonia oceanica seagrass meadows reduces the ecological
integrity and the associated invertebrate assemblages (Guillén
et al., 1994; Sánchez-Jerez et al., 2000; González-Correa et al.,
2005). P. oceanica meadows are an important coastal ecosystem
not only for acting as carbon sinks and producing oxygen, but
also by being a nursery for economically important crustaceans
during their vulnerable juvenile phase (Kiparissis et al., 2011).
After a longitudinal study on P. oceanica meadow recovery
8 years after the cessation of illegal trawling off the coast
of Spain, González-Correa et al. (2005) states that although
recovery is possible, it is estimated to take 100 years for the
impacted P. oceanica meadows surveyed to reach the density
of undisturbed meadows. Because prevention is more effective
than recovery, as bottom trawling expands with the global fishing
demand, there needs to be more legislation to protect key
ecosystems and harsher consequences for illegal trawlers.

CHALLENGES IN GLOBAL
CONSERVATION

IUCN Red List
The International Union for Conservation of Nature (IUCN)
Red List of Threatened Species, the most widely accepted
system for the classification of global risk status, has been
crucial for informing conservation decisions of NGOs and
government agencies (Polidoro et al., 2011). However, even when
vertebrates are included, marine species are underrepresented,
composing only 10.7% of species on the Red List while 58.1%
of species listed are terrestrial (IUCN, 2020). Figures 2A,B
represents all the marine vertebrate and invertebrate species
currently on the IUCN Red List, respectively. At 11,617, the
total number of marine vertebrates on the list is almost
four times the number of invertebrates. It is concerning that
only 47.5% of marine invertebrates are listed under “Least
Concern” while 71% of vertebrates are given that categorization.
Species that are classified as “Data Deficient” could be well-
studied, but lack sufficient research on their distribution and
population abundance to properly assess their risk status. Because
conservation policies are influenced by the IUCN Red List,
having 34.3% of invertebrates that are data deficient is akin to
ignoring entire species that need protection. Table 1 shows a large
discrepancy between the mid-range estimate of extant marine
species and the number of species on the IUCN Red List for each
main invertebrate phyla. Sponges (phylum Porifera), one of the
major invertebrate groups, does not appear on the IUCN Red
List at all despite its high conservation value (IUCN, 2020). In
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FIGURE 2 | (A,B) represent the Red List categorizations in percentage of marine vertebrates and invertebrates, respectively. The N is the total number of species
included. For both figures, the majority of species either lie in the least concern or data deficient category.

fact, only 20 of approximately 8,500 known sponge species are
currently protected by legislation; as stated before, the increased
use of sponges in the biomedical and cosmetic industry should
bring attention to the necessity of protective measures (van
Soest et al., 2012; Gerovasileiou et al., 2018). Similarly, zero
species of bryozoans (phylum Bryozoa) appear on the IUCN
Red List (Table 1); although bryozoans are not as well-studied
as other marine invertebrate phyla, they are documented to be
habitatforming organisms that facilitate recruitment of other
structure-forming invertebrates such as corals and tube-building
polychaetes (Wood and Probert, 2012). In fact, Wood et al. (2012)
found that on the Otago shelf in New Zealand, 130 associated
species were living on the three bryozoan species Cinctipora
elegans, Hippomenella vellicata, and Celleporaria agglutinans. As
anthropogenic activities continue to increase and leave bryozoans
vulnerable, it will be important for the IUCN to conduct
assessments on this phylum so that future conservation policies
can include or prioritize at-risk bryozoan species. Although the
spatiotemporal variability of marine invertebrates from the larval
to adult stages makes research on abundance and distribution
difficult, there are gaps in knowledge that need to be addressed
to move forward and have the IUCN Red List better reflect
the current status of species that are often overlooked. As
a complementary conservation tool, the IUCN Red List of
Ecosystems (RLE), is a novel framework that assesses the status
of terrestrial, freshwater, and marine ecosystems on a regional
and global scale (IUCN, 2020). The risk categories on the RLE
parallel those on the IUCN Red List of Threatened Species, and
are often used in conservation decisions. The recent shift away
from protecting single species to an ecosystemic approach may
be more effective in protecting multiple invertebrate species that

all have key functions within that ecosystem (Bland et al., 2017,
2019). Expanding coverage of RLE assessments and systematic
evaluation of risks will be paramount in informing future
conservation policies and maximizing conservation impacts for
vulnerable marine invertebrates.

Complex Life Cycles
A major difficulty is that marine invertebrates have
complex multi-stage life cycles and express different types
of developmental modes, with most also having a free-swimming
larval stage that are morphologically different than their sessile
adult form (Treml et al., 2015; Pandori and Sorte, 2018). Feeding
larvae can disperse thousands of kilometers before settling

TABLE 1 | The estimated number of extant species in seven major marine
invertebrate phyla compared to the number of species within each phylum that are
listed on the IUCN Red List.

Marine invertebrate
phyla

Extant species estimate Species on IUCN red list

Cnidaria 10, 000 (5.78%) 990 (31.82%)

Echinodermata 7, 000 (4.05%) 363 (11.67%)

Mollusca 46, 000 (26.59%) 1, 500 (48.22%)

Porifera 8, 500 (4.91%) 0 (0%)

Arthropoda 85, 000 (49.13%) 255 (8.20%)

Annelida 11, 500 (6.65%) 3 (0.09%)

Bryozoa 5, 000 (2.89%) 0 (0%)

The percentages are calculated from each value divided over the total sum of
the column. It is clear that all phyla are underrepresented in the conservation
assessments even though they are all ecologically and/or economically important.
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because longer pelagic larval duration gives the individuals
more time to reach an appropriate habitat, but every day
adrift increases the probability of being eaten (Bashevkin et al.,
2020). This larval development is one of the most significant
eco-evolutionary traits, with implications for conservation
and society (Treml et al., 2015; Fuchs et al., 2020). However,
many researchers have also pointed out that there is still key
biological information missing on marine larvae which need
to be addressed to properly model metapopulation dynamics.
This is especially true for behavioral mechanisms since there
is large variation in pelagic larval duration between taxa to
maximize their viability, ranging from a few hours in some
gastropod species to 2 years in deep-sea starfish (Giangrande
et al., 2017). Although they can regulate their vertical position,
larval invertebrates are mostly at the mercy of currents, so
with increasing occurrences of extreme climate events and
shifts in productive coastal upwelling ecosystems, transport
and the subsequent rates of settlement and recruitment will be
affected (Xiu et al., 2018). This is going to have implications
for population connectivity and survival rates, which will make
pinpointing areas of conservation and discerning which species
will be affected more difficult. Not only will changing physical
oceanographic processes impact transport, but larvae are more
sensitive to shifts in water parameters such as temperature,
salinity, and turbidity than adults; the consequences of these
changes force larvae to contend with lack of food, hypoxia,
and warming that most species may not be able to adapt to
(Pandori and Sorte, 2018; Bashevkin et al., 2020). Stress tolerance
has been shown to increase as marine invertebrates mature
and develop their physiological responses (Pörtner and Farrell,
2008), so future research should work toward understanding
species’ tolerance thresholds to various abiotic factors at different
stages in their development. Longitudinal studies should be
carried out to determine the overall long-term effects on marine
invertebrate development.

Marine Protected Areas
Conservation of marine invertebrates on a large scale is so
challenging in part because of the inherent spatiotemporal
variability between taxa, socioeconomic status of regions, and
bias toward certain species. The impacts of climate change are
widespread but localized, so an approach that works in one
location may not in another, making large-scale conservation
initiatives of marine ecosystem biodiversity difficult and costly
(Katsanevakis et al., 2016). An additional challenge that presents
itself with cooperative legislation is the undeniable fact that
roughly 60% of the ocean waters lies in international waters,
making it a geopolitical issue rather than an issue from a
purely conservational standpoint (Polidoro et al., 2011). The
high seas are governed under international legislation that is
complex and patchy, with no comprehensive framework to
ensure the sustainable regulation of the marine ecosystem,
including sessile invertebrates (IUCN, 2020). Each coastal State
has an Exclusive Economic Zone (EEZ), which is an area up
to 200 nautical miles from the baseline that the country can
exploit for resources, but they also have autonomy to manage
and conserve their EEZ. This incentivizes countries to designate

and properly manage Marine Protected Areas (MPAs) inside
their EEZ with restrictions on damaging activities such as fishing
and tourism (Giangrande et al., 2017). Increasing networks of
MPAs will be important to ensure long-term conservation of
marine invertebrates. However, further investigation is needed to
determine the optimal size and placing of connectivity-informed
MPAs to make sure they’re ecologically functional for target
invertebrates, especially in vulnerable habitats (Marti-Puig et al.,
2013; Carr et al., 2017; Taboada et al., 2018). Figure 3 depicts
the total global coverage of fully protected (3A) and partially
protected (3B) MPAs. There are currently only 1,014 MPAs in the
world that are fully protected, meaning minimal to no extractive
or destructive activities. These types of MPAs are virtually non-
existent in coastal waters along the Americas and Europe (3A)
which could be due to the economic benefits derived from certain
destructive activities. In comparison, there are 13,078 partially
protected MPAs, but weakly regulated MPAs are not effective for
biodiversity conservation (Sala and Giakoumi, 2017). In areas
where complete exclusion is not feasible, well-regulated partially
protected MPAs do have ecological benefits when enforced,
but at a significantly lower rate than fully protected MPAs
(Sciberras et al., 2013; Turnbull et al., 2021). Additionally, a meta-
analysis of 62 studies by Sciberras et al. (2013) reported that the
assessment of MPA benefits on invertebrate populations were
underrepresented, and the few studies available only focused on
scallops, lobsters, and sea urchins. Countries need to come to
transboundary agreements in which open access databases can fill
in gaps in knowledge and contribute to establishment of MPAs in
the pelagic domain (Katsanevakis et al., 2016). Because marine
species, habitats, and biophysical parameters are not restricted
by physical barriers, the establishment of coordinated regional
funds may encourage opportunities to further this work and lead
to more efficient conservation practices (Marti-Puig et al., 2013).
This is especially important for marine invertebrates because
unlike motile species that can easily swim away to temporarily
avoid worsening environments, there are many taxa that are
sessile. Therefore, successful conservation of key invertebrate
species may be dependent on proper design and implementation
of fully protected MPAs.

Availability of Genetic Databases
As genetic studies play a large role in conservation biology,
especially for inferring patterns of genetic connectivity, it
will be necessary to put greater effort into sequencing
more reference specimens from marine invertebrate phyla.
Many marine invertebrates are also cryptic species that are
morphologically similar and cannot be differentiated by visual
identification, so limited sequences from one species may lead to
taxonomic uncertainty and poorly designed primers (Darling and
Carlton, 2018). Figures 4C,G show that Bryozoa and Porifera,
respectively, have the least number of NCBI (National Center for
Biotechnology Information) sequences or “hits” when a search
was done using a keyword string combining each of the seven
major marine invertebrate phyla (Cnidaria, Echinodermata,
Mollusca, Porifera, Arthropoda, Bryozoa, and Annelida) with
each of the four key gene regions used for population genetics
and molecular phylogenetics (16S, 18S, COI, and Cytb). The
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FIGURE 3 | Represents the global MPA coverage of fully protected areas (A) and partially protected areas (B). These maps were manipulated in the MPAtlas
database (MPAtlas.org) that was accessed on February 20, 2021. Partially protected marine protected areas are dominant, especially in coastal regions, with only
7.7% of the ocean designated as fully protected marine protected areas.

FIGURE 4 | Displays the NCBI hits for each of the four target genes (16S, 18S, COI, and Cytb) for seven major marine invertebrate phyla: Annelida (A), Arthropoda
(B), Bryozoa (C), Cnidaria (D), Echinodermata (E), Mollusca (F), and Porifera (G). Each “hit” represents an available sequence in NCBI using the search combination
of phylum [AND] gene. The searches were manually checked to make sure the hits were targeted for that gene and a relevant marine invertebrate species. The COI
gene is dominant and Cytb is the least used across all phyla.

search terms were combined using the AND operator, and results
were manually checked to make sure mismatched records were
properly excluded. The exact numerical results for the search
strings can be found in Table 2, as Figure 4 is just depicting
the stark visual contrast between the seven phyla. It is clear

that the Arthropoda phylum has the most sequences available,
as expected, since it is the most diverse invertebrate phylum.
As NCBI’s GenBank has seen an increase in the number of
deposited records of COI sequences from ∼8,000 in 2007 to
roughly 2.5 million in 2017, this means that there is a higher
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TABLE 2 | The number of available NCBI sequences or “hits” for a search string of
seven major marine invertebrate phyla and four key gene regions used in
molecular biology studies.

Marine invertebrate phyla 16S 18S COI Cytb Total sequences

Cnidaria 10,109 11,132 13,050 487 34,778 (20.21%)

Echinodermata 7,658 881 19,986 622 29,147 (16.94%)

Mollusca 7,417 1,263 30,135 1,859 40,674 (23.64%)

Porifera 1,665 2,637 3,117 78 7,497 (4.36%)

Arthropoda 6,317 2,537 36,574 1,421 46,849 (27.22%)

Annelida 1,675 1,350 6,394 486 9,905 (5.76%)

Bryozoa 1,122 379 1,651 74 3,226 (1.87%)

The total sequences column is the sum for each phylum and the percentages are
calculated from each value divided over the total sum of the column. Although
one individual can be sequenced multiple times, there is quite a large difference in
available genetic data between phyla and gene regions.

level of coverage in genetic databases for COI compared to other
mitochondrial or nuclear regions (Thomsen et al., 2016; Porter
and Hajibabaei, 2018; Meiklejohn et al., 2019). Consistent with
this information, the target region that dominated across all
four phyla was COI, with this gene having the most NCBI hits
for Cnidaria, Echinodermata, Mollusca, and Porifera. However,
there is a large difference in available COI sequences between
phyla, with Porifera only resulting in 3,006 NCBI hits while the
other three have at least 10,000 hits (Table 2). Previous studies
have stated that COI is sometimes suboptimal, so current and
future databases should focus on accumulating sequences from
other mitochondrial regions as well to allow researchers to select
the most appropriate target genes for their study (Thomsen and
Willerslev, 2015). Although the number of sequences in Figure 4
may not directly correspond to the same number of individuals
being sampled, as multiple sequences could originate from one
individual, it gives a general idea of what genetic records are
currently available for researchers in the NCBI database. These
major phyla contain ecologically and economically important
species, so not studying and logging genetic information of
these invertebrates will perpetuate the lack of data and affect
subsequent policy measures.

ADDRESSING CURRENT CHALLENGES

Emerging Opportunities in Marine
Invertebrate Research
Non-Invasive Methods: eDNA
Environmental DNA (eDNA) is DNA that is released from
organisms into the environment in the form of shed cells,
feces, gametes, etc., and is collected in a non-invasive manner
from samples such as soil and water (Rees et al., 2014; Barnes
and Turner, 2016). Depending on the goals of the project,
researchers are able to utilize assays to target individual species of
interest or use a multi-species approach through metabarcoding.
This is a relatively new field, with the study of the invasive
American bullfrog credited as the first use of targeted eDNA and
the driver for the exponential rise in eDNA research (Ficetola
et al., 2008; Seymour, 2019). However, this method has already

been implemented for applications including but not limited to
measuring biodiversity, population genetics, and government-
supported programs for invasive species surveillance (Muha et al.,
2017; Adams et al., 2019; Ruppert et al., 2019). Incorporating
eDNA into monitoring efforts would be beneficial because these
non-destructive sampling techniques are sensitive enough to
detect the presence of rare invertebrate species or microscopic
larvae during spawning events, which can be difficult to visually
observe (Jerde et al., 2011). eDNA research is starting to
become more widely accepted as a complementary or stand-
alone method to traditional surveys and genetic techniques. The
advancements in eDNA are giving researchers the opportunity
to sample in extreme habitats where traditional methods are
not feasible (Barnes and Turner, 2016; Cristescu and Hebert,
2018). For example, the Arctic and the deep-sea are both
understudied environments where it is logistically challenging
to collect physical specimens, so using eDNA is a more holistic
approach in the detection of community diversity. The difficulties
of sampling in these habitats include taxonomic uncertainty
from morphological variation of invertebrate species, making
eDNA a suitable and successful method for complementary
analysis (Thomsen et al., 2016; Ruppert et al., 2019). Overall,
the use of eDNA can increase knowledge of the biodiversity and
geographic distribution of species, and it is also beneficial from a
conservation perspective to minimize any anthropogenic impacts
on any marine invertebrate species that researchers have yet to
fully understand.

Technological Advances
The continuous advancement in technology is giving researchers
and conservation groups new methods to improve the efficacy of
marine invertebrate conservation. Laboratories are now equipped
with digital imaging equipment, in situ samplers, and remote-
operated vehicles that open the doors to understanding marine
invertebrate biology in ways that were impossible a few decades
ago. Because effects from climate change cannot be modeled
by a single stressor in isolation, multi-stressor experiments
have come to the forefront of marine invertebrate research to
understand the synergistic and antogonistic effects in a future
ocean (Gunderson et al., 2016; Harborne et al., 2017). New
technology development of equipment allows researchers better
control in mimicking natural conditions and manipulation of
variables. Manipulating multiple stressors such as pH, dissolved
oxygen, and temperature within one experimental design allows
researchers to better understand changes that are occurring
concurrently with one another. This is important because species
in different habitats are not impacted by abiotic changes at the
same rate (Gunderson et al., 2016; Eisenhauer et al., 2019). For
example, although invertebrates in the intertidal zone already
face natural fluctuations in stressors that go along with the
tidal cycle, some species are already nearing their physiological
tolerance threshold (Somero, 2010; Byrne and Przeslawski, 2013).
A study conducted on the intertidal gastropod, Siphonaria
autralis, determined the carry-over effects of ultraviolet radiation,
increased salinity, and high temperatures on egg and subsequent
larvae survival (Fischer and Phillips, 2014). The researchers
found that in the multi-stressed treatment, only 24% of eggs
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hatched and under continuous exposure, those larvae reached
100% mortality by day 10. In comparison, pelagic invertebrates
in the water column live in a relatively stable environment,
so they may have lower acclimatization capacities to sudden
changes (Somero, 2010; Harborne et al., 2017). To determine
the tolerance of pelagic invertebrates to a changing environment,
multistressor experimental setups should become the norm. In
addition, 3D-printing technology has become more accessible
and accurate in recent years, and coral reef conservation groups
are taking advantage of this engineering technique. Acting as a
complementary tool, artificial coral structures have the potential
to help coral regeneration efforts and promote settlement of
reef-associated invertebrates (Pérez-Pagán and Mercado-Molina,
2018; Paxton et al., 2020). 3D replication to a micron-scale
precision of structures with irregular morphologies and textures
provides habitat complexity that settling invertebrates may
prefer. Ruhl and Dixson (2019) found that coral larvae of Porites
astreoides preferred to settle and metamorphose on 3D printed
surfaces than no surface, and their growth and mortality were
not affected by the artificial structure. The use of 3D-printing
for conservation purposes is still in its infancy, but could be
part of the solution for the degradation of coral reefs due to
climate change. Widespread application of 3D-printing could be
a less-invasive alternative to not only promote coral colonization,
but also positively impact invertebrates that interact and depend
on reef structures; however, more research needs to be done to
examine the long-term effects of deliberately placing synthetic
materials in the ocean without proper guidelines (Ruhl and
Dixson, 2019; Paxton et al., 2020; Wangpraseurt et al., 2020).

Animal Behavior Research
Studying animal behavior is a key aspect for species conservation
because understanding their behavioral plasticity and how it will
change with respect to anthropogenic impacts in the future is
crucial. It has become a growing field in research, as the fitness
and social structure of species can be disrupted when behavior
is changed as a consequence of environmental factors (Brooker
et al., 2016). Researching behavior for all species would be ideal,
but there is a recorded bias toward vertebrates in temperate
regions, because studies are often done on charismatic animals
that the public tend to favor in areas that are geographically
easy to access (Titley et al., 2017; Davies et al., 2018). Restricting
research effort to a small number of taxonomic groups may
result in making incorrect conclusions or generalizations on
a broader scale. Rosenthal et al. (2017) discovered that of all
the 4,076 published articles in the scientific journal Animal
Behavior between 2000 and 2015, over half are on birds and
mammals. Marine invertebrates are often overlooked in this
field, but they are important species to study as climate change
becomes a larger issue, since many are useful bioindicators
and play a major role in the food web. Marine invertebrates
are also interesting for animal behavior research because the
larval stages of marine species oftentimes have well-developed
behaviors that allow them to postpone their settlement until
reaching a suitable habitat (Rahman et al., 2014; Brooker
et al., 2016). However, phenological changes in behavior due
to ocean warming compounded with the sessile nature of adult

invertebrates, may potentially result in higher mortality rates;
as Fuchs et al. (2020) found in its study, many invertebrate
species have been discovered moving toward warmer water
along the coast instead of escaping into colder waters. Since
effective conservation needs collaboration between many fields
of research, from behavioral biologists to geneticists, animal
behavior research will become increasingly important for marine
invertebrates as anthropogenic pressures like deforestation
and marine pollution intensifies, especially because behavioral
changes such as migration disruption in addition to physiological
stress can have long-lasting consequences (Briffa et al., 2008;
Brooker et al., 2016).

Future Directions
Ethical Considerations
With regards to welfare concerns, human philosophical attitudes
generally exclude marine invertebrate species with low or non-
visible cognitive capacity and response levels (Mather, 2020). It is
always necessary to mention ethics in any type of research with
live organisms, and there is a large difference in attitude toward
working with larger animals such as seals versus invertebrates like
decapods. However, recent studies are continuously discovering
and coming to a consensus that some marine invertebrates
perceive painlike sensations through nociceptive reflexes, albeit
in different ways than mammals (Sneddon, 2015). Their cognitive
abilities may also be more extensive than previously thought
and some can change their behavior to avoid pain stimuli
after one exposure (Mather and Anderson, 2007; Crook and
Walters, 2011). Sneddon (2015) also found that the green crab,
Carcinus maenas, shows behavioral shifts to avoidance during
electroshock, suggesting preliminary evidence of nociception in
crustaceans. Although it will be challenging to study pain in
all invertebrates, there should be a more proactive shift toward
understanding this behavior in advanced marine invertebrates
commonly used in research universities and institutions such
as cephalopods and crustaceans (Mather and Anderson, 2007).
Future studies should take this new information into account
for experimental designs because although researching marine
invertebrates is important, it should be carried out as ethically
as possible. As public opinion shifts with certain invertebrate taxa
like cephalopods because of their intelligence and ability to attract
public attention such as the giant squid, Architeuthis spp., these
“poster children” may be able to successfully represent concerns
for invertebrate welfare, biodiversity loss, and vulnerable marine
ecosystems (Guerra et al., 2011; Collier et al., 2016; Mather,
2020). For these species, the advancement of technology and non-
invasive methodologies, such as in situ remote underwater videos,
keep increasing, which could be used to further advance the field
of animal behavior.

International Collaboration
In general, future steps toward successful conservation should
take an integrative approach through all stages of the research
process, taking into consideration other factors such as climate
change impacts and the species’ life history. Cooperation between
marine experts across different fields, from environmental
engineers to biophysicists, will be important in maximizing

Frontiers in Marine Science | www.frontiersin.org 14 August 2021 | Volume 8 | Article 690704

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-690704 August 19, 2021 Time: 16:36 # 15

Chen Importance of Marine Invertebrate Conservation

effective conservation of threatened species because we first
have to understand the organisms that need conservation before
determining target species or areas of concern (Bini et al., 2006;
Polidoro et al., 2011). For example, researching physiological
traits and biochemical properties of marine invertebrates can be
useful in future risk analysis on which invasive species will have
the greatest impact on the local habitat, while species distribution
modeling for predicting relationships between distribution and
global change using environmental data can be used to assist in
determining the best management approaches for those invasions
(Muha et al., 2017; Bashevkin et al., 2020). Using a holistic
approach to create a robust experimental design will result in
greater credibility when presenting results to stakeholders and
policymakers on implementing legal conservation policies. There
should also be an increase in transparency between the scientific
community and the general public on how the loss of marine
invertebrate biodiversity has a direct effect on human wellbeing.
The way information is communicated by media and its impacts
on public perception drives governmental policy decisions,
so it is beneficial that the field of scientific communication
has grown to be an important way of bridging this barrier
(Legagneux et al., 2018). The technology in our society now
allows researchers and scientists to directly communicate with
a wide audience through social media or consumer-friendly
websites rather than a jargon-laden scientific paper. In addition,
the inclusion of people outside the scientific field through
citizen projects and education outreach has proven to be
effective in bringing awareness to environmental conservation
issues and have resulted in behavioral changes (Varner, 2014;
Turrini et al., 2018).

CONCLUSION

A reduction in marine invertebrate biodiversity will have
cascading ecological, economic, and sociological repercussions.
Marine invertebrates are now facing unprecedented
environmental and anthropogenic pressure, so it is essential
to continuously research all aspects of how they are being
impacted, whether it is determining overexploitation of a key
species or seeing how human-introduced pollution changes
invertebrate behavior. With the globalization and technological
advancements now, it is becoming apparent that researchers can
easily communicate with leading experts of different fields in
ways that were impossible even two decades ago. In conjunction
with international collaboration, the continuous improvement
of new methodologies, whether it is developing new high-
throughput technologies or less invasive fishing gear, will allow
us to collectively move forward in the effort to tackle the global
conservation of marine invertebrates.
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