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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.
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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
ASSESSED

VU (6%)

\ MARINE SPECIES:
12,924 -

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).

,
IUCN %

THREATENED WITH
EXTINCTION

@00

1,125 SPECIES

N
3
3
e
i
=

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



70

T. Luypaert et al.

THREATENED WITH
EXTINCTION

@O

THREATS

1’57‘%\

ORecr gxpL oM

50 g %
8 45 O Other
8 40
a © B Climate change
8 35 *
% 30 ’ @ Pollution
=
= 25 . .
g B Invasive species
20
IS P G2
2 15 \‘ O Direct exploitation
@
:o B — H N
2, I O Habitat destruction &
' modification
) = m O I —  mm
Actinopterygii  Aves Chondrichthyes Mammalia Reptilia  Anthozoa Gastropoda  Other
Fig. 4.3 (a) Relative importance of various anthropogenic stressors to ~ purposes  (“Myxini,”  “Sarcopterygii,” “Polychaeta,” “Insecta,”

species threatened with extinction (critically endangered (CR), endan-
gered (EN) or vulnerable (VU)). (b) Average number of anthropogenic
stressors affecting species threatened with extinction for various taxo-
nomic groups. Several taxonomic groups with a low number of species
threatened with extinction were pooled under “other” for visualization

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



76

T. Luypaert et al.

EEENT3

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-
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geographic region. For the pooled marine regions, and the
pooled threat categories, threat counts were added up.
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