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Interest in deep seafloor mineral exploitation has been developing over the last few decades, and especially
recently as the potential application of metals and elements in these mineral deposits has become more relevant
for clean energy technology. The mineral resources located in areas beyond national jurisdiction (“the Area”) are
under the regulatory control of the International Seabed Authority (ISA), which is required to protect the marine
environment from the harmful effects of seabed mining activities and make recommendations to avoid serious
harm to the marine environment. However, there is currently no agreed operational definition of serious harm
for the Area. Noting that we neither support or disapprove of deep-sea mining, we propose a scientifically-
focused risk framework approach for defining serious harm in the context of polymetallic nodule mining
based on ISA documentation, as well as international and national criteria, and approaches developed for
managing deep-sea resources. A three-tier “traffic light” scheme is proposed, with a threshold level between
detectable (green) and significant harm (orange), and a further limit beyond which significant harm becomes
serious harm (red). The green, orange and red sectors are associated with no additional management, additional
management required, and stopping mining operations, respectively. We further provide illustrations of the type
of criteria that could be used in defining levels of harmful effects, and further discuss aspects related to ensuring
definitions and their application are fit-for-purpose. The framework proposed here provides a blueprint of an
adaptive process that can be applied to the management of any mineral resource, although we focus in some
specifics on polymetallic nodule mining. The work bridges the gap between earlier attempts at defining serious
harm in the context of deep-sea mining and the need for a clear and consistent approach to operationalise the
concept of serious harm.

1. Introduction

Interest in deep seafloor mineral exploitation has been developing
since the 1970s, but especially in the last decade as the potential
application of metals and elements in these mineral deposits has become
more relevant for clean energy technology (Hein et al., 2013, 2020). The
three main deep seafloor mineral resource types targeted for extraction
in international waters are polymetallic nodules found on abyssal plains,
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cobalt-bearing ferromanganese crusts found on the flanks and summit
areas of seamounts, and polymetallic sulphide deposits linked to hy-
drothermal vent fields (Lusty and Murton 2018). The most numerous
and widespread mineral exploration efforts to date have occurred on the
seabed area beyond national jurisdiction (referred to as “the Area™). The
mineral resources of these regions are under the regulatory control of
the International Seabed Authority (ISA) (2021) and governed by pro-
visions of the United Nations Convention on the Law of the Sea
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(UNCLOS).

Article 136 of UNCLOS states that “the Area and its resources are the
common heritage of mankind” and notes specifically in Article 145 “the
need for protection from harmful effects” of activities in the Area. It is
clear under UNCLOS that the ISA is required to protect the marine
environment from the harmful effects of seabed mining activities, and
specifically to protect and conserve the natural resources of the Area and
prevent damage to the flora and fauna of the marine environment.
However, mining will almost certainly have some harmful effects, and in
Article 165 of UNCLOS the term “serious harm” is introduced, whereby
the ISA (through its Legal and Technical Commission) has the re-
sponsibility to make recommendations to avoid “serious harm” to the
marine environment. The ISA is currently progressing a draft set of
Regulations, Standards and Guidelines to regulate exploitation of min-
eral resources in the Area (ISA, 2019). These form part of an overarching
Mining Code which comprises rules, regulations and procedures
covering both exploration and potential exploitation of mineral re-
sources (https://www.isa.org.jm/the-mining-code/). An important
component of the Mining Code is to prevent “serious harm” to the
environment.

However, the definitions of the terms ‘harm’, ‘effects’, ‘impacts’, as
well as of the qualifying terms ‘serious’ and ‘significant’ are neither used
consistently in legislation nor in the science and policy literature (e.g.,
Jones and Morrison-Saunders 2016). There is currently no agreed
operational definition of impact significance in legislation for national
jurisdictions (Murray et al., 2018) nor of serious harm for the seabed
area beyond national jurisdictions (Levin et al., 2016), although there
have been several recent attempts to progress aspects of this issue (ISA,
2022a; Hitchin et al., 2023; Hiddink et al., 2023). Levin et al. (2016)
discuss how deep-sea ecosystems may be seriously harmed by mining
operations, including which features of these ecosystems may influence
the significance of impacts and what ecosystem component should be
monitored to detect serious harm. More recently Hitchin et al. (2023)
provided an overview of the factors that should be considered when
developing management thresholds for deep-sea mining operations,
including ecological evidence, uncertainty, regulatory and societal fac-
tors, and practical considerations. Despite these advances there is still no
clear operational definition of serious harm that can be used by regu-
latory authorities or mining contractors to manage their operations and
meet their obligations under the ISA Mining Code.

To some degree, this status reflects the wide range of deep-sea eco-
systems being considered for mining and the challenges in observing and
quantifying ecological change in these remote environments. While it is
not possible to develop an operational definition of serious harm with
associated thresholds and limits applicable to all mining operations in
the Area, it is important to ensure that a consistent approach is used
across mining operations that is applicable in a variety of settings.
Noting first that we neither support or disapprove of deep-sea mining,
here, as a further contribution to defining serious harm, we propose a
simple and clear operational framework in the context of polymetallic
nodule mining based on ISA documentation (ISA, 2000, 2020, 2022b, c)
as well as international and national criteria and approaches developed
for the management of other deep-sea resources (e.g., International Law
Commission, 2001; Mengerink, 2018). We begin by considering the
existing definitions of harmful effects and serious harm, propose a
stepwise process for the determining levels of environmental effects and
harm and associated thresholds and limits, then outline an operational
framework for assessing serious harm in the context of management of
deep-seabed mining. While we provide an overarching framework for
serious harm and related concepts, the numbers that we present for
associated thresholds and limits are only illustrative ‘examples’ that
demonstrate how the process can conceptually operate in a more specific
environmental and resource setting. Thus, the numerical values for
thresholds and associated concepts presented are not directly transfer-
able to real-world applications of specific mining operations - in the
context of this paper, they merely illustrate how the concepts can be
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applied in a variety of settings. Each of these operations and settings will
require its own specific numerical values explicitly tailored to the
stressors, environmental conditions and vulnerabilities, and the associ-
ated management and mitigation objectives.

2. Definitions of harmful effects and serious harm

We begin by examining the definitions of various terms in ISA doc-
uments, on which we will base our provisional definition of serious harm
(or limit) and significant harm (or threshold) operational in the context
of polymetallic nodule mining.

The ISA’s Draft standard and guidelines for environmental impact as-
sessments (ISA, 2022c) define both terms “impact” and “effect” in dis-
cussing elements required for assessing the nature and extent of impacts
form a mining operation. They define ‘impact’ as ‘the influence of an
action/activity during the project on the environment’ (here ‘project’
refers to any mining-related operation, including mineral exploration,
mining trials, and mineral exploitation). The definition of ‘environ-
mental effects’ is: ‘the consequence or outcome of an action or activity
during the project. It is typically broader and more functional than an
impact’ (ISA, 2022c). Examples of impact include the removal of hard
substrate from the seabed and physical damage to sessile benthic or-
ganisms. At the same time, effects could consist of loss of biodiversity on
a broader scale, altered ecosystem function, or change in scavenger
abundance. Although impacts and effects are not synonymous, they both
refer to observable changes in ecosystems, habitats, or ecosystem com-
ponents (‘receptors’) resulting from anthropogenic disturbance. Impacts
and effects specify the ‘fact of the impact’ (e.g., its magnitude, spatial
extent and duration) (Sippe, 1999) and can include positive, neutral, or
negative environmental changes resulting from any activity. In this
paper, we use “effect” as a more generic term than “impact” to avoid
confusion from prescriptive or specific terms when focussing more on
concepts and making them operational.

Existing ISA exploration regulations, as well as the draft exploitation
regulations, define serious harm as ‘any effect from activities in the Area
on the marine environment that represents a significant adverse change
in the marine environment, determined according to the rules, regula-
tions and procedures adopted by the International Seabed Authority
based on internationally recognised standards and practices informed by
the best available scientific evidence’ (ISA, 2000, 2019).

Based on the International Law Commission (ILC) Draft Articles
(2001), Mengerink (2018) notes that: (1) significant harm is something
more than detectable harm; (2) ‘the level at which harm is deemed
significant constitutes the threshold at which action should be taken to
address the harm, including avoiding, minimising or prohibiting’; and
(3) ‘serious harm is something more’.

Furthermore, based on the Regulations on Prospecting and Explo-
ration for Polymetallic Nodules in the Area (ISA, 2000), Mengerink
(2018) takes harmful effects to mean ‘an effect caused by human impact
that is significant and requires management action ranging from
assessment to mitigation to prohibiting such human impacts’, and
considers that serious harm is ‘a type of harmful effect that is substantial
enough to require action to prohibit such impacts’.

Thus, in an operational sense, the type of harm is reflected in the
management response that may be required to address the negative ef-
fects of human activities. Under this interpretation, determining the
extent of harm that would be regarded by the regulatory authority (the
ISA) as “acceptable” depends on considerations of both the ecological
effects and an assessment of the broader economic and societal values of
the impacted ecosystem components weighed against the resulting
benefits (financial, etc.) of the activity. The level of harm could, there-
fore, be determined in terms of acceptability to society. However, this
paper focuses only on the ecological aspects of serious harm.

Given the above interpretation of ISA and ILC documents, we suggest
that the current descriptions of harm used by the ISA and ILC can fall
into three broad types of harm representing increasing levels of
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observable ecological response. Each response level is associated with a
prescribed management action (Table 1). This proposed approach is
developed further below. Note that using the term ‘significant’ here does
not relate to statistical significance.

The ISA proposes no formal terminology to refer to the boundaries
between detectable, significant, and serious harm. Here, we suggest the
term ‘threshold’ to represent the boundary between detectable and
significant harm. Similarly, we suggest the term ‘limit’ for the boundary
between significant and serious harm (Box 1). This typology is also
based on the increasing negative effects driven by the mining operation
on “receptors”’, where a receptor is any structural component of an
ecosystem that may be affected by an activity, such as a population,
species, community, habitat or ecosystem, or functional component,
such as trophic groups, bentho-pelagic coupling or benthic mineralisa-
tion rates. Because it is not possible to monitor every structural and
functional component of an ecosystem, a subset of receptors are typi-
cally used as indicators for the purpose of assessing environmental ef-
fects. Criteria for choosing suitable indicators include receptors that are
readily measurable, ecologically relevant, sensitive to disturbance, and
inform management decisions (e.g., Hayes et al., 2012; Danovaro et al.,
2020).

3. Quantifying and describing environmental effects

Several international and national approaches have been developed
to define when the effects in the environment that can unequivocally be
attributed to human activity should trigger a management intervention.
These include proposals by the United Nations Food and Agriculture
Organization (FAO), the Convention on Biological Diversity (CBD), and
the United States’ National Oceanic and Atmospheric Administration
(NOAA). In these approaches, the severity of an effect is typically
assessed against the receptor’s sensitivity to an anthropogenic stressor.

The ISA Draft standard and guidelines for environmental impact as-
sessments, developed by the ISA Legal and Technical Commission (LTC),
lists five main attributes to consider when assessing the significance of
effects (ISA, 2022b):

1. Nature of the impact (including magnitude, spatial extent, and
duration)

2. Characteristics of the receptors or ecosystem (including sensitivity
and value to society)

3. Uncertainty (including evidence base and potential complex chain of
events)

4. State and stakeholder views

5. Legal issues.

Using the definitions outlined above in section 2, the first two at-
tributes relate to the level of effect (i.e., measurable influence on the
environment from the activity), while the last three pertain to the level
of harm (i.e., the acceptability of the environmental effects and there-
fore whether a management response should be triggered).

Based on existing international and national approaches, Mengerink
(2018) identified seven core elements of environmental impact assess-
ments that ‘could be used to determine if and how deep seabed mining
will cause harm to the marine environment, warranting actions to pre-
vent or mitigate such harm’:

1. Probability of impact

Table 1
Types of harm and management action.

Type of harm Management response

Detectable Not required
Significant Avoid, minimise
Serious Prohibit
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. Extent of impact (spatial footprint)

. Intensity and magnitude of impact

. Duration and frequency of impact

. Sensitivity and vulnerability of ecosystem
. Cumulative effects

. Scientific uncertainty.

NOUlh WN

Here, elements 2-6 relate to the level of impact and effects, whereas
the first and seventh relate to forms of uncertainty.

The elements listed in the ISA Draft standard and guidelines for envi-
ronmental impact assessments and by Mengerink (2018) show some sim-
ilarities, notably in relation to characterising impacts and effects
(magnitude, spatial extent and duration), the impacted ecosystem
(sensitivity) and scientific uncertainty. The ISA draft standards and
guidelines also include elements related to State/stakeholder views,
while Mengerink (2018) includes cumulative effects and vulnerability
(which are covered in the ISA Draft guidelines for the preparation of
environmental impact statements (ISA, 2022.c).

Here, we merge these criteria into a stepwise process in which we
first assess environmental effects, followed by assessing harm and the
corresponding thresholds and limits defining the boundaries between
detectable, significant, and serious harm (Fig. 1). We wish to emphasise
that we do not explicitly assess the probability of an effect to occur,
which typically is an element of an overall assessment of risk and
impact.

When assessing environmental effects, the first step consists of
defining the characteristics of the activity or disturbance (nature/in-
tensity, spatial footprint and frequency/timing) and of the receptor
under consideration (spatial extent/distribution, sensitivity, ability to
recover) (Table 2). In the context of deep-seabed mining, numerous
potential disturbances exist (see Miller et al., 2018; Weaver and Billett,
2019; Jones et al., 2020) - here we illustrate a few to demonstrate their
role in the framework. The intensity of the disturbance may relate to the
areas of seabed disturbed directly by the mining footprint of nodule
extraction, disturbance from the sediment plumes created by the nodule
collector near the seabed or in the water column, direct disturbance of
mining equipment, ship noise and light, release of chemicals from the
seabed, and discharge release from the mining equipment (processing
waste into the water column) and ships (at the surface). The spatial
footprint of the disturbance refers to the mining footprint (total area and
layout - largely two-dimensional in this instance) as well as the footprint
of the plumes (three-dimensional), noise, light and chemicals as they
spread through the environment and food web (for example there can be
an accumulation of toxic/heavy metals into higher trophic levels, and
the spatial footprint of toxic chemicals could potentially be widespread
if migratory species are impacted). In terms of frequency and timing of
disturbance, nodule extraction will likely occur only once for any given
patch of seabed (assuming efficient nodule collection), but plume
disturbance may occur from adjacent mining areas more than once for
an area of seabed or in the water column throughout the mining oper-
ations. Environmental effects from mining may be exacerbate by other
sources of disturbance, such as climate change, which need to be
included in the assessment process.

Assessing environmental effects requires considering the character-
istics of the receptors. Rather than combining aspects into a single
measure of vulnerability as done in some fisheries ecological assess-
ments, such as the FAO’s International guidelines for the management of
deep-sea fisheries in the high seas (FAO, 2009), we distinguish receptor
characteristics in terms of: (i) spatial distribution; (ii) sensitivity, and
(iii) ability to recover. Spatial distribution refers to the total surface area
and distribution or patchiness. Sensitivity largely depends on physio-
logical and life history factors such as body size (which will influence the
likelihood of mortality from the passage of a nodule collector), mobility
(which affects the speed with which animals can either escape direct
contact or recolonise a disturbed area from adjacent locations), feeding
mode (for example, sedentary suspension feeders may be adversely
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Box 1

ecosystem component.

Schematic representation of environmental effects as well as serious, significant and detectable harm, and thresholds and limits for a receptor or

Environmental effects are the negative consequences or outcome of the

be affected by an activity, such as a population or habitat, or functional
component, such as trophic groups or benthic mineralization rates

influence an action/activity (i.e., impact; e.g., physical damage to benthos) during
the project and are typically broader and more functional than impacts (e.g.,

biodiversity loss to an area) m Serious
Harm is the acceptability of the environmental effects to society Significant
m Detectable
-
]
Serious harm: level of environmental effect at which prohibition of activity “u;"
is deemed to be required =
£ = it
Limit: boundary between significant and serious harm g
. .pe . . . :
Significant harm: level of environmental effect at which avoidance and ]
minimisation management responses are deemed to be necessary E
w
Threshold: boundary between detectable and significant harm
Detectable harm: level of environmental effect at which no management _ Threshold
response is deemed to be necessary ]
Receptors are defined as any structural component of an ecosystem which may Receptor

Level of harm

impacted by sediment plumes while mobile scavengers may be unim-
pacted or even benefit), sensitivity to toxic metals, and other relevant
ecological characteristics (e.g., soft sediment bioturbation accustomed
to sediment turnover) (Macdonald et al., 1996; Tillin et al., 2006).
Lastly, the ability to recover following disturbance depends mainly on
life-history characteristics and connectivity, such as the availability of
new recruits, the settlement of larval recruits from surrounding areas,
immigration potential, growth rate, and generation time (Dernie et al.,
2003). The duration of environmental effects are typically expressed in
relation to the generation time of the organism(s) in question.

To characterise the full extent of environmental effects associated
with deep-seabed mining, two broad, complementary sets of attributes
should be considered: 1) the characteristics of the activity or disturbance
and 2) the receptors being impacted, also taking into account any cu-
mulative effects from other activities or external factors (including
multiple mining operations as well as other human activities) (Table 3;
see panel 1 in Fig. 1).

Changes to habitats and biota linked to stressors associated with
mining operations will, in most cases, be influenced by the nature, size
and duration of the mining activities and the ecological traits of the
biological components being subjected to these stressors (Macdonald
etal., 1996; Foden et al., 2010). For example, the magnitude of an effect
is determined by the nature of the disturbance (e.g., mined seabed vs
plume) and the sensitivity of the receptor, whilst the duration of the
effect is determined by the nature of the disturbance, its spatial and
temporal footprint, and the resilience of the receptor and its ability to
recover.

4. Operationalising serious harm

Once environmental effects have been described, the next step is to
assess which of the three categories of harm (detectable, significant, or

serious) they correspond to (see panel 2 in Fig. 1). Although evaluating
the level of harm requires several considerations (including societal and
legal), the chief role of science at this juncture is to provide an assess-
ment of harm based purely on measurable ecological change and other
environmental and mining operation data.

4.1. Provisional thresholds and limits

The ISA Draft standard and guidelines for environmental impact as-
sessments, developed by the LTC, provide examples of how effects of
major significance may differ from effects of moderate or minor signif-
icance (ISA, 2022b, Table 4). These ISA categories may be used to guide
a first-order assessment of the levels of harm and any associated
thresholds and limits.

According to these descriptions, a key difference between effects of
moderate versus major significance is whether habitat or ecosystem
integrity is affected. The ISA document states that ecological integrity is
affected if structural and/or functional components of the habitat or
ecosystem are changed irreversibly or in the long term over most or all of
its spatial extent. This ISA definition encompasses but is not limited to,
the effects of a regime shift, i.e., drastic broad-scale changes in species
composition and function (de Young et al., 2008), also described as
thresholds, step-trends, criticality, rapid transitions or tipping points in
the scientific literature (Thrush et al., 2009), all of which represent an
externally induced and rapid transition to an alternative state (Lewontin
1969; Beisner et al., 2003). Predicting at what level of impact a regime
shift may occur is very difficult if not impossible even in well-studied
systems (Thrush et al., 2009; Hastings and Wysham 2010). This uncer-
tainty should be considered along with all other sources of uncertainty
when setting limits for receptors (see section 5).

We use these descriptions of effects of minor, moderate and major
significance to guide assessments of harm into detectable, significant,
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Fig. 1. Schematic representation of proposed stepwise process for determining levels of environmental effects (Panel 1 — identifying and measuring key attributes of
environmental change) and harm (Panel 2 — assessing the severity of harm and defining thresholds and limits of acceptable environmental change) to receptors. Blue
arrows: steps undertaken by scientific community; green arrows: steps undertaken by regulators/states/stakeholders. See the text for an explanation.

and serious categories, respectively. Several other schemes have been similarities between what we propose using the above and the other
developed to describe different levels of impact on marine ecosystems, schemes.
and it is worth considering those here to demonstrate the broad Fletcher et al. (2005) identified six consequence levels when defining
Table 2
Defining the characteristics of the activity/disturbance and the ecosystem components/receptors being impacted.
Category Attributes Examples
Characteristics of human activity or disturbance Nature or Mined seabed, sediment plume, noise, chemicals
intensity
Spatial footprint Mining, sediment plume, noise, and chemical footprints (both benthic and pelagic)
Frequency or Repeated settlement of suspended sediment plumes, duration of mining operations
timing
Characteristics of receptors (e.g., a keystone species, habitat, Spatial Geographic range, site occupancy/total area license area, patchiness/heterogeneity of
benthic carbon mineralisation rates). distribution occurrence and abundance
Sensitivity Body size; fragility; life habit; mobility; feeding mode
Ability to Productivity; availability of propagules; growth rates; life history traits, dispersal of
recover larvae, juveniles and adults; rarity and endemism
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Table 3
Defining environmental effect characteristics based on the attributes of the ac-
tivity and each type of disturbance, and the receptors being impacted.

Characteristics of Combining attributes of:

effect L .
Activity or disturbance Receptor
Magnitude Nature of disturbance Sensitivity
Spatial extent Spatial footprint Spatial
distribution
Duration Nature of disturbance, spatial Ability to recover
footprint
Frequency Nature of disturbance, frequency/ Spatial
timing distribution

risk to marine ecosystems for activities that are either planned or un-
planned, from negligible to catastrophic, in the context of fisheries
management (Appendix Table A). This scheme was also incorporated by
Hobday et al. (2011) in their work on ecological risk assessment for the
effects of fishing in Australia, by MacDiarmid et al. (2012) in their risk
assessment of a range of human activities in New Zealand waters, and by
Clark et al. (2017b) in assessing the impacts of seabed mining around
Pacific Islands. Descriptions of environmental effects include duration
(recovery period), spatial extent (proportion of habitat affected) and
intensity or magnitude (in relation to impact on key species, protected
species and ecosystem function) (Appendix Table A). Broadly speaking,
effects of major significance in the ISA Draft standard and guidelines for
environmental impact assessments corresponds to Fletcher’s (2005) major
and catastrophic consequence levels, effects of moderate significance
correspond to moderate to severe consequence levels, and effects of
minor significance correspond to negligible and minor consequence
levels.

Sippe (1999) described a decision tree for determining the accept-
ability of environmental impact, which places the impact in one of three
categories: unacceptable, manageable, or acceptable (Appendix
Table B). Compared with our classification, unacceptable environmental
impacts correspond to serious harm because the latter triggers the pro-
hibition of the activity, and manageable environmental impacts corre-
spond to significant harm, because the latter is the level of
environmental effect at which avoidance and minimisation management
responses are required.

Table 4
Examples of effects of minor, moderate and major significance reproduced from the
ISA Draft standard and guidelines for environmental impact assessments (ISA,
2022b).

Significance of
effect

Description

Minor ‘Affects a specific group of localised individuals within a
population over a short time period (one generation or less) but
does not affect other trophic levels or the population itself. An
effect of minor significance may also involve effects of limited
extent, or to some elements of the habitat.”

Moderate ‘Affects a portion of a population and may bring about a change

in abundance and/or distribution over one or more generations

but does not threaten the integrity of that population or any
population dependent upon it. An effect of moderate
significance may also affect the ecological functioning of a site,
habitat or ecosystem, but without adversely affecting its overall
integrity.’

Major ‘Affects an entire population or species or community and/or
change in distribution beyond which natural recruitment
(reproduction, immigration from unaffected areas) would not
return that population or species, or any population or species
dependent upon it, to its former level within several
generations. An effect of major significance may also adversely
affect the integrity of the habitat, by substantially or
irreversibly changing in the long term its ecological features,
structures and functions, across all or most of its area, that
enable it to sustain the habitat, complex of habitats and/or
population levels of species that make it important.
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A similar three-tiered division based on targets and limits with cor-
responding management responses has long been used in a fisheries
context by many fishery regimes (e.g., Gabriel and Mace 1999, Hogarth
et al., 2006). A number of countries employ a “target”, “soft” and “hard”
catch landing regime (Appendix Table C). In comparison to our classi-
fication, “target” corresponds to detectable harm (no additional man-
agement response required), while the “soft” limit corresponds to
significant harm (management response required) and the “hard” limit
corresponds to serious harm (fisheries closure).

Also relevant to identifying levels of serious harm is the work un-
dertaken by FAO (FAO, 2009), where ‘significant adverse impacts’ by
deep-sea bottom fishing are defined as those that compromise ecosystem
integrity (i.e., ecosystem structure or function) in a manner that:

(i) impairs the ability of affected populations to replace themselves;
(i) degrades the long-term natural productivity of habitats; or
(iii) causes, on more than a temporary basis, significant loss of species
richness, habitat or community types.

According to the FAO document, temporary impacts are those that
last less than 5-20 years. If disturbance occurs more than once, ‘more
than temporary’ means if the interval between the expected disturbance
of a habitat is shorter than the recovery time.

There are evident parallels between the definitions of harm as
described in the ISA and ILC documents as interpreted by Mengerink
(2018), the fisheries ‘target’ and ‘limit’ approach (e.g., Ministry of
Fisheries 2008), Sippe’s (1999) acceptability of environmental impacts,
and the ISA Draft standard and guidelines for environmental impact as-
sessments regarding the significance of effects, all of which describe a
three-tier classification scheme that can be brought together under a
‘traffic light” system (Table 5). Parallels can also be seen with the levels
of consequence of Fletcher (2005) and the definition of significant
adverse impacts by FAO (2009).

For any given receptor, the definitions of thresholds and limits need
to include a definition of the extent, duration, and magnitude, with a
combination of criteria needing to be met before a threshold or limit is
reached. Here, as an illustrative example of the ISA scheme (and other
comparable schemes) outlined in Table 5 based on existing documen-
tation, we delineate definitions of limit for serious harm and threshold
for significant harm whilst emphasising that they are for the purpose of
illustration only, and are not recommended numerical levels:

Serious harm (or limit) could entail effects that:

e Cover a large amount (e.g., >60%; Fletcher, 2005) of a habitat
(Extent), and/or

e Are irreversible, lasting for more than several generations (i.e.,
generation time of affected organisms), or occur more than once per
generation (Duration/Frequency),

and, depending on the nature of the receptor, one of the following
(Magnitude):

o Affects the ability of a population to replace individuals lost
following mining.

e Leads to loss of species richness, a substantial reduction in biomass or

local extinction of key species.

Leads to loss of community or communities.

e Leads to major loss of ecosystem function(s).

Significant harm (or threshold) could entail effects that:

e Cover a moderate amount (e.g., 5-60%; Fletcher, 2005) of a habitat
(Extent), and/or

e Last for more than one generation and occur less than once per
generation (i.e., generation time of affected organisms) (Duration/
Frequency),



D. Leduc et al. Ocean and Coastal Management 255 (2024) 107252
Table 5

Comparison between levels of harm, limits, levels of consequence, significant adverse impacts and acceptability of environmental effects from

the published literature. Habitat is defined as a physically distinct area of the water column or seabed that is known to, or likely to be

associated with, communities of organisms that consistently occur together. Numerical values are from the corresponding cited sources.

generations, or
irreversible

between
disturbance <
recovery time

ISA (2022b) Ministry of Fletcher (2005) FAO (2009) Sippe (1999)
Fisheries (2008)
Serious Harm Effect of major | Hard limit Major/catastrophic Significant adverse Unacceptable
significance level of consequence | impacts environmental
impacts
Extent Most of habitat | - >60% of habitat area Significant loss of Loss of critical
area habitat habitat
Duration/ frequency Several - Years to decades >5-20 years; interval | -

Maghnitude - Substantial - - Ability to replace Loss of population of
population change affected commercial species
Maghnitude - key Substantial 90% biomass Local extinction Significant loss of Local extinction;
species change reduction likely orimminent species richness loss of rare or
endangered species;
loss of genetic
diversity
Magnitude - Substantial - Shifts or Significant loss of -
functional groups change disappearance community types
Maghnitude - function Substantial - Major change Long-term Large-scale loss of
change productivity of productive capacity
habitats is degraded | orrenewable
resources
Significant harm Effect of Soft limit Moderate/severe - Manageable
moderate level of consequence environmental
significance impacts
Extent - - 5-60% of habitatarea | - Some loss of
threatened habitat
Duration > 1 generation, | - Months to years - -
but reversible
Maghnitude - Abundance or - Moderately to - -
population distribution severely affected
may be
affected
Maghnitude - key May be 80% biomass Long-term - Mortality of rare or
species affected reduction recruitment affected; endangered species
population levels
moderately to
severely affected
Maghnitude - May be - Affected, potentially | - -
functional groups affected well outside
historical range
Magnitude - function May be - Measurably altered - -
affected
Detectable harm Effect of minor | Target Negligible or minor - Acceptable
significance level of consequence environmental
impacts
Extent - - <5% of habitat area - Some loss of habitat
of non-threatened
species
Duration <1 generation, | - Weeks to months - -
reversible
Maghnitude - Local effect - Little if any impact - -
population only
Maghnitude - key Unaffected 70% biomass Noimpact on - Some reduction of
species reduction keystone species; non-threatened
only minor changes species
to other species
Magnitude - Unaffected - Not affected - -
functional groups
Magnitude - function Unaffected - Not affected - Emissions

demonstrably less
than carrying
capacity of the
receiving
environment
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and, depending on the nature of the receptor, one of the following
(Magnitude):

e Have measurable effects on the abundance or distribution of a
population.

e Leads to measurable to moderate effects on abundance, or significant
reduction in biomass of key species.

e Leads to altered abundance of functional groups(s), potentially well
outside baseline.

e Leads to measurably altered ecosystem function(s).

Detectable harm could entail effects that extend to a small amount
(less than e.g., 5%) of a habitat, persists over a short time frame with
respect to the life-history dynamics of the receptor, and do not affect key
species, functional groups or an ecosystem function.

Note that it is impractical to define general limits that apply in all
leases, regions and habitats (see section 5.2 for definition of habitat and
discussion of spatial scale). Each situation will be different and driven by
the specific combination of resource type, mining operation, environ-
mental characteristics, and ecosystem structure and function. The
important point here is that all the attributes should be included in an
impact assessment so that a holistic evaluation can be made to define
levels of harm.

While the three-tier scheme proposed here provides some guidance
in setting provisional thresholds and limits in relation to structural and
functional aspects of marine ecosystems, some of the wording used in
the existing documentation in regard to the intensity or magnitude of
impacts remains somewhat vague (e.g., ‘affected’, ‘moderately to
severely impacted’ and ‘substantial change’). Setting a priori quantita-
tive threshold values for some of these pressures or effects may not be
possible. However, the magnitude of effect corresponding to significant
harm to key species, functional groups or ecosystem function (i.e.,
thresholds) could be defined in relation to baseline conditions, such as a
statistically significant difference, or a value falling outside the 95%
confidence interval relative, to baseline or outside the range of natural
variability. In their overview of approaches that can be used to deter-
mine thresholds that define a good ecosystem state, which broadly
corresponds to the definition of thresholds used here, Hiddink et al.
(2023) identified approaches based on natural variation (i.e., deter-
mining whether the disturbed state is within the range of pressure-free
variation) as the most objective and ecologically meaningful way to
define degraded seabed ecosystems. The main disadvantage of this
approach is the requirement for a time series of undisturbed populations
or communities.

Criteria indicating that serious harm has occurred could involve ef-
fects that 1) occur over >60% of a habitat (Fletcher, 2005), 2) or are
irreversible (ISA, 2022b), or 3) involve a 90% biomass reduction or
extinction of a key species, functional group or community type or a
major change or loss in ecosystem function (Sippe, 1999; Fletcher, 2005,
FAO, 2009). Generally, however, the boundary between significant
harm and serious harm (i.e., the provisional limit) is difficult to define
unambiguously and will need to be determined on a case-by-case basis
by experts through the ISA’s proposed environmental impact assessment
process (ISA, 2019). Nevertheless, criteria used to define thresholds
need to be as quantitative as possible to ensure a SMART (Specific,
Measurable, Achievable, Relevant, Time-bound) approach to environ-
mental monitoring (Hitchin et al., 2023). As such, thresholds should
ideally be identified using empirical evidence about the biota in the
mined area, the attributes of the mining operations and the specific
environmental context.

The broad schema proposed here aligns with current initiatives by
the ISA. The ISA have started to develop binding environmental
thresholds, focussed initially on pressure-related (anthropogenic pres-
sure emitted into the natural environment (usually chemical or physical
in nature such as density of a sediment plume)), rather than state-related
indicators (measuring the status of the natural environment (frequently
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ecosystem-related such as change in species richness or taxon abun-
dance)) (ISA, 2023a, 2023b). Expert groups have been set-up and will
work in 2024 to address thresholds for toxicity, turbidity/settling of
resuspended sediments, and noise-light pollution. Initially, these will be
developed for polymetallic nodules, and later extended to other mineral
resource types.

4.2. Adjusted and adaptable thresholds and limits

Provisional environmental thresholds and limits can be determined
based on an assessment of environmental effects, but also need to be
evaluated in the context of 1) scientific uncertainty, and 2) ecological
value and be adapted accordingly (see Fig. 1).

4.2.1. Scientific uncertainty

Because of the central role of the precautionary approach in envi-
ronmental impact assessment processes and resource management (e.g.,
Peel 2005), and specific reference to it as a guiding principle in the ISA
exploration regulations (e.g., ISA, 2000) and draft exploitation regula-
tions (ISA, 2019), high levels of uncertainty about effects will require a
more conservative approach to limit setting than if there are low levels
of uncertainty. Uncertainty exists at multiple levels, including uncer-
tainty due to inherent spatial and temporal variability in ecosystem
components, uncertainty related to availability, consistency and quality
of baseline and post-disturbance data (Amon et al., 2022; Rabone et al.,
2023), and biotic and abiotic ecosystem processes (i.e., epistemic un-
certainty; van der Bles et al. 2019), lack of expert consensus, unpre-
dictability of complex systems and regime shifts, cumulative effects, and
models (Clark et al., 2017a; ISA, 2022b). Whilst some level of uncer-
tainty is unavoidable, it is important to identify their sources and esti-
mate their effect on the reliability of impact assessments
(McDonald-Madden et al., 2010).

Levels of uncertainty may change over time as the availability of data
and overall understanding of ecosystem processes improve, which may
result in thresholds and limits being adjusted. Given the challenging
nature of working in abyssal environments where polymetallic nodules
occur, data availability will always be limited, and it is, arguably,
therefore important to prioritise the monitoring of key ecosystem com-
ponents and processes (receptors) with some reasonable level of accu-
racy rather than spreading efforts equally among all components of the
environment (Roest et al., 2024). Thresholds will evolve with increasing
knowledge and may be adjusted based on newly available information
and changing levels of uncertainty as part of an adaptive management
framework, which is likely to be an integral part of an Environmental
Management and Monitoring Plan (Clark et al., 2022).

4.2.2. Ecological value

Thresholds and limits may be adjusted up or down depending on the
perceived value of a receptor. Whilst the broader appreciation of a re-
ceptor is derived from a suite of attributes that include economic, and
cultural aspects, scientific experts will typically focus on assessing the
ecological values of ecosystems. The term ‘Ecological Value’ has been
used in a variety of ways in the literature but is usually defined as the
level of benefits that biotic and abiotic ecosystem components provide
for the maintenance of organisms (Cordell et al., 2005). A number of
criteria have been used to define the term, including size (extent), di-
versity, naturalness, rarity, fragility, typicalness, recorded history, po-
sition in an ecological unit and potential value (Capmourteres and
Anand 2016). Examples include:

e Population; e.g., important source of propagules

e Species or functional groups; e.g., endemic or localised distribution,
existing threat levels, ecological roles, degree of protection, func-
tional significance

e Habitats; vulnerable marine ecosystems, structural complexity,
provision of ecosystem services, biodiversity.
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Once environmental thresholds and limits have been adjusted based
on these criteria, there will be further consideration based on stake-
holder views, legal issues, and perceived economic, cultural heritage,
and recreational values of the receptors (see panel 2 in Fig. 1). Whereas
the scientific evaluation of risk and harm in an environmental impact
assessment should not in itself be precautionary, the management based
upon it may be, and can consider other factors. This process enables
informed judgment by stakeholders in determining the level of harm
since the acceptability of an impact is not necessarily a strictly scientific
judgment (Ehlrich and Ross 2015; Reichelt-Brushett et al., 2021).

5. Operationalising serious harm - the broader context

The criteria used to identify harmful effects, and to determine
thresholds and limits, need to be developed in the context of both
environmental management goals and objectives and the spatial scale of
management of polymetallic nodule mining; these environmental
management goals and objectives are subject to ongoing work within
the ISAs LTC but are not yet complete.

5.1. Environmental goals and objectives

Tunnicliffe et al. (2020) put forward Strategic Environmental Goals
and Objectives as part of efforts to develop an overarching framework
led by the ISA’s goals for the environment (i.e., protection and preser-
vation of the marine environment from harmful effects). These authors
suggest that an overarching strategic goal could be “to sustain marine
(benthic and pelagic) ecosystem integrity including the physical,
chemical, geological and biological environment”, with the terms
‘ecosystem integrity’ reflecting the need to preserve ecosystem struc-
ture, function (processes), connectivity, resilience and ability to provide
ecosystem services. They then listed six specific objectives that, if met,
could make significant progress towards achieving this goal:

i. Protect ecosystems from contamination by pollutants generated
during any phase of the mining process;

ii. Maintain the ability of populations to replace themselves,
including ensuring population connectivity and the preservation
of suitable habitat;

iii. Prevent the degradation of ecosystem functions (e.g. the long-
term natural productivity of habitats, elemental cycling, trophic
relationships);

iv. Prevent significant loss of genetic diversity, species richness,
habitat or community types, and structural complexity on a long-
term basis;

v. Sustain ecosystem services (e.g. carbon sequestration) recognis-
ing that many are yet to be discovered, and

vi. Maintain resilience to prevent regime shifts, and to support re-
covery from cumulative impacts, including mining, that can
affect source populations and communities, connectivity corri-
dors, life-history patterns and species distributions.

The Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) Convention, which applies to all Antarctic pop-
ulations of finfish, molluscs, crustaceans and sea birds found south of the
Antarctic Convergence, states that harvesting and associated activities
need to be conducted in accordance with the following principles of
conservation (Article II):

(a) prevention of a decrease in the size of any harvested population
to levels below those which ensure its stable recruitment. For this
purpose, its size should not be allowed to fall below a level close
to that which ensures the greatest net annual increment;

(b) maintenance of the ecological relationships between harvested,
dependent and related populations of Antarctic marine living
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resources and the restoration of depleted populations to the levels
defined in sub-paragraph (a) above; and

(c) prevention of changes or minimisation of the risk of changes in
the marine ecosystem which are not potentially reversible over
two or three decades, taking into account the state of available
knowledge of the direct and indirect impact of harvesting, the
effect of the introduction of alien species, the effects of associated
activities on the marine ecosystem and of the effects of environ-
mental changes, with the aim of making possible the sustained
conservation of Antarctic marine living resources.

The overarching objectives presented by Tunnicliffe et al. (2020) and
the CCAMLR Convention principles align with the three-tiered scheme
outlined here even though they are generally too broad for a specific
operational definition of serious harm. For example, the objectives of
Tunnicliffe et al. (2020) and CCAMLR both mention the need to mini-
mise risks of regime shift or irreversible change, which would constitute
serious harm in the scheme proposed here (see Table 5). Thus, avoiding
serious harm would mean achieving these environmental goals.

5.2. Spatial scale of management

The spatial scale of management is a key consideration in how
serious harm is both assessed and addressed. Limits and thresholds need
to consider spatial scales of ecosystem structure and function, in relation
to the licence area, and also at a more regional level. A precautionary
approach is generally required when managing impacts of resource
extraction where data are limited (i.e., the deep sea), and marine spatial
planning is a method which has been applied in this context.

The ISA has designated Areas of Particular Environmental Interest
(APEls) to conserve regional biodiversity within the Clarion-Clipperton
Fracture Zone (CCZ) (ISA, 2011), based on representative sub-regions
using environmental surrogates of biodiversity and community struc-
ture (nodule abundance, export production, seamount distribution, ba-
thymetry) and macrobenthic abundance (Wedding et al., 2013). The use
of habitat measures was necessary because knowledge of the distribu-
tion of benthic species, endemicity and connectivity at the scale of the
CCZ was, and remains, limiting (Glover et al., 2016; Simon-Lledo¢ et al.,
2020; Jones et al., 2021, Bribiesca-Contrerras et al. 2022; Rabone et al.,
2023). However, considerable advances have been made in recent years
(Smith et al., 2021), and these have supported efforts to classify habitats
across the CCZ (McQuaid et al., 2020), with additional APEls designated
in 2021 to improve protection of regional biodiversity (ISA 2021).

Mine planning at the scale of an individual mining license will be
better informed with small-scale and detailed information about the
distribution of species, communities, and habitats. However, protecting
a sufficiently high proportion of each habitat present in a mining license
area is still likely the most practical and effective way to reduce the risk
of causing serious harm (Stevens, 2002; Hopkins et al., 2020).

Habitats are defined as physically distinct areas of the water column
or seabed that are known or likely to be associated with communities of
organisms that consistently occur together. Habitat heterogeneity needs
to be considered for both pelagic and benthic ecosystems, which differ in
fundamental ways. In the pelagos, a distinction is commonly made be-
tween surface, midwater, deep and/or demersal ecosystem components
(receptors) because they are likely to comprise different taxa and
functional groups as well as be exposed to different kinds or levels of
mining impact (Belgrano et al., 2013; Drazen et al., 2020). Thus, whilst
habitat heterogeneity in the pelagos occurs over larger horizontal scales
than in seabed environments, it is relatively pronounced vertically. On
the abyssal plain, habitat heterogeneity within a mining license can
occur from the metre to the 10-100s of km scale due to spatial vari-
ability in surface productivity, bathymetry, seabed topography (e.g.,
knolls, seamounts, local depressions, basins, ridges), sediment physico-
chemical characteristics, and nodule distribution (e.g., density, size,
shape, surface vs subsurface) (e.g., Wedding et al., 2013; Fejer et al.,
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2021). Because all of these factors are known to influence the distribu-
tion of seabed organisms (e.g., Simon-Lledo et al. 2019; Washburn et al.,
2021a), it is assumed that a habitat classification based on these factors
will reflect heterogeneity in seabed communities with some degree of
accuracy, i.e., provide a meaningful proxy (Washburn et al., 2021b).

Spatial management proposals, as part of any Environmental Plan
under the Draft regulations on exploitation of mineral resources in the Area
(ISA, 2019), may affect the extent to which recovery criteria are factored
into defining serious harm if components of the overall ecosystem (e.g.,
particular habitats) are protected outside the mined areas. In applying
for an individual mining licence under these draft regulations, limits and
thresholds would be defined at the scale of the license area, and no
assumption is potentially made about the extent or state of habitats or
other receptors outside of the license area. The adoption of a precau-
tionary approach could mean, for example, that a habitat covering only
a small area within a given license area may be required to be left
entirely untouched by mining operations to avoid causing serious harm
to that particular habitat (Harris et al., 2008; Langton et al., 2020).
However, the draft regulations also include provisions that a Regional
Environmental Management Plan (REMP) would need to be in place
before any mining licence within that area could be approved. As
mentioned above, the ISA has a REMP in place for the CCZ, and is
developing plans for the northern Mid-Atlantic Ridge, Northwest Pacific
Ocean, and Indian Ocean. There need to be multiple-scale spatial con-
siderations between licence areas and the area covered by a relevant
REMP. Hence, such contractor-level management measures may be
modified if sufficient additional data on the nature and extent of a given
habitat beyond a particular license area indicate that complete protec-
tion is not required to avoid serious harm.

Temporal aspects also need to be considered along with spatial
management options. The time-scale of change can vary considerably
between faunal groups and particular resource settings (e.g., Jones et al.,
2017; Gollner et al., 2017), and the spatial measures will also affect
whether recovery/rehabilitation objectives are considered. Most
disturbance experiments carried out to date show a strong and imme-
diate impact on benthic faunal communities (e.g., Jones et al., 2017),
although within only a few years faunal density and diversity of meio-
fauna and mobile megafauna had recovered to pre-disturbance levels.
However, some faunal groups (e.g., macrofauna, megafauna) and
broader ecosystem-level functions may take much longer to recover (e.
g., carbon flux, Stratmann et al., 2018; food-web and microbial loop, de
Jonge et al., 2020).

The scheme presented in section 4 above broadly agrees with exist-
ing habitat threshold approaches for conservation in general. On land,
the minimum area to secure important biodiversity areas, ecologically
intact areas, and optimal locations for representation of species ranges
and ecoregions is estimated to be 44% of the total area (Allan et al.,
2022), and most scientific estimates of the amount of area needed to
safeguard biodiversity and preserve ecosystem benefits indicate that
25-75% of regions or major ecosystems must be protected (Baillie and
Zhang, 2018). The wide range of estimates reflects a range of factors,
including scientific uncertainty, the nature of the threat(s) and the
structure and function of the ecosystems or communities being consid-
ered, and care should be taken to avoid oversimplification and misap-
plication of habitat thresholds in conservation (van der Hoek, 2015).

6. Discussion

We provide an operational framework for defining serious harm in
the context of polymetallic nodule mining based on existing ISA docu-
mentation as well as international and national criteria and approaches
developed for managing deep-sea resources. A three-tier “traffic light”
scheme is proposed, with a threshold level between detectable harm
(green) and significant harm (orange); and a further limit above which
significant harm becomes serious (red). The green, orange and red sec-
tors are associated with no additional management, additional
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management required, and stopping mining operations, respectively.
We further provide illustrations of the criteria associated with defining
levels of harmful effects, and discuss aspects related to ensuring
appropriate definitions and that their application are fit-for-purpose.
Operational definitions of significant and serious harm will vary
depending on environmental settings and the nature of the mining op-
erations, and as such, they will need to be developed for each individual
license area. The framework proposed here provides a standardised,
adaptable process that can be applied to the management of poly-
metallic nodule mining license areas, and, as such, bridges the gap be-
tween the first attempt at defining serious harm in the context of deep-
sea mining by Levin et al. (2016) and Mengerink (2018) and the need for
a clear and consistent approach to operationalising a definition of
serious harm.

By providing operational definitions of significant and serious harm,
the framework proposed here will facilitate the process of threshold and
limit setting, which is an integral part of environmental management
generally (Groffman et al., 2006; Glasson, 2008), and for deep-seabed
mining generally (ISA, 2019; Hitchin et al., 2023). Adaptive manage-
ment processes will be required to avoid causing significant or serious
harm (i.e., reaching the limit), which will involve regular monitoring of
key environmental parameters before and during the mining operation
(Clark et al., 2022). Particular care will need to be taken once significant
harm has been caused (i.e., the threshold has been crossed) to take into
account uncertainty in scientific knowledge about the ecosystems being
impacted as well as the time lag between data collection and the
quantification of the impacts. Regulators or mining operators will,
therefore, likely need to set more conservative limits below the level of
serious harm which, if reached, would trigger a “stop mining” response
and re-assessment of operations and management.

Limits and thresholds should not be viewed as singular action points,
or being a “knife-edge”. As effects become more significant (i.e., move
higher in the orange zone), management will need to increase accord-
ingly. This approach may require a sequence of increasing warning
levels that operations could be approaching a limit or threshold and
enable appropriate and timely action to be taken, or an adjustment to
operations to reduce disturbance rates (equivalent to the ramp down
phase of the “broken stick” harvest control rules in fisheries; Smith et al.,
2014). Current ISA initiatives are underway to develop pressure-related
environmental thresholds for polymetallic nodule mining, including
toxicity, sedimentation, turbidity, underwater noise and light pollution
thresholds (ISA, 2023c). Although quantifying pressures such as toxicant
concentrations, noise and turbidity is relatively straightforward, the
biological responses and a clear cause-effect linkage can be difficult to
determine. The approach presented here, which focuses on state-related
thresholds, complements the use of pressure-related thresholds and
should be used in parallel.

In order to inform and contribute to the environmental management
of polymetallic nodules in the Area, the serious harm framework will
need to be incorporated within the ISA’s Mining Code. Because the
framework provides a consistent process that can be adapted across a
range of license areas and environmental settings, we propose incor-
porating it in the Standards and Guidelines of the Mining Code in sup-
port of the draft Exploitation Regulations. If part of a standard, it is
legally binding and transparent (publicly accessible), and guidelines can
cover specific characteristics of the mineral type, licence area, or even
region (to support REMP policy). There should ideally be scope to re-
view the serious harm framework to allow adjustments to be made as
more information is gathered, especially from equipment tests or test
mining operations, or if adaptive management is incorporated into any
applications for exploitation.

Looking ahead to further development of this work, the approach
presented here is central to the application of broader management
frameworks, such as DPSIR (Driver-Pressure-State-Impact-Response;
Atkins et al., 2011), that aims to provide structure to organise and
categorise different types of indicators for the integrated monitoring and
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management of the harmful effects of seabed mining. The definitions we
have developed enable the integration of both biological and human
values and provide criteria (i.e., limits and thresholds) for setting
management objectives.

A key challenge of the management framework is to describe the
likely response of receptors to a given pressure, given a background of
limited data and knowledge. Therefore, we emphasise risk assessment
techniques that can integrate expert knowledge and be systematically
updated over time as empirical data becomes available through moni-
toring and adaptive management. Bayesian Belief Networks, for
example, have already been utilised for assessing the environmental risk
of seabed mining in the Baltic Sea (Kaikkonen et al., 2021) and sug-
gested for use as part of an environmental management framework for
the mining of polymetallic nodules in the deep sea (Hyman et al., 2022).
More generally, Bayesian analyses coherently incorporate expert
knowledge and empirical data into a risk analysis, allow updating of
model parameters with the arrival of new information, and can therefore
inform decision-making under uncertainty (Lindley, 2000). Bayesian
analyses also enable inference and predictions in both space and time
(Cressie and Wikle 2011; Banerjee et al., 2014), which will be needed to
assess the ecological and environmental risk of deep-sea mining
activities.
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Appendix Table A. Consequence levels from Fletcher (2005), as adapted by MacDiarmid et al. (2012).

Consequence level

Recovery period

Key species

Protected species

Ecosystem functional impact

Proportion of habitat
affected

0 — Negligible

1 - Minor

2 — Moderate

3 — Severe

4 — Major

5 - Catastrophic

No recovery time
needed

Rapid recovery would
occur if stopped —
measured in weeks to
months

Recovery probably
measured in months to
years if activity stopped

Recovery measured in
years if stopped

Recovery period
measured in years to
decades if stopped

Long-term recovery to
former levels will be
greater than decades or
never, even if stopped

Undetectable for
populations of these
species

Possibly detectable but
little impact on
population size and none
on their dynamics
Affected but long-term
recruitment/dynamics not
adversely impacted

Affecting recruitment
levels of populations or
their capacity to increase

Likely to cause local
extinctions if continues

Local extinctions are
imminent/immediate

Almost none are
impacted

Some individuals
impacted but no
impact on
population

Level of
interaction/impact
moderately affects
population

Level of impact
severely affects
population levels

Likely to cause local
extinctions if
continues

Local extinctions
are imminent/
immediate

Interactions may be occurring but it is
unlikely that there would be any change
outside of natural variation

Affected species do not play a keystone role
- only minor changes in relative abundance
of other constituents

Measurable changes to the ecosystem
components without there being a major
change in function (i.e., no loss of
components)

Ecosystem function altered measurably and
some function or components are missing/
declining/increasing well outside historical
acceptable range and/or allowed/facilitated
new species to appear.

A major change to ecosystem structure and
function. Different dynamics now occur
with different species or groups now
affected

Total collapse of ecosystem processes. The
diversity of most groups is drastically
reduced and most ecological functional
groups (primary producers, grazers etc.)
have disappeared. Most ecosystem
functions such as carbon cycling, nutrient
cycling, flushing and uptake have declined
to very low levels.

Affecting «1% of area of
original habitat area

Measurable but
localised; affects <1-5%
of total habitat area

Impacts more
widespread; 5-20% of
habitat area is affected

Impacts very
widespread; 20-60% of
habitat is affected/
removed

Activity may result in
major changes to
ecosystem; 60-90%
affected

Entire habitat in region
is in danger of being
affected; >90%
affected/removed
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Appendix Table B. Acceptability of environmental impacts (Sippe, 1999).

Ocean and Coastal Management 255 (2024) 107252

Acceptability =~ Management response Examples of impacts
Acceptable No management response required Some loss of populations and habitats of non-threatened species; emissions demonstrably less than the carrying
capacity of the receiving environment
Manageable Management measures by proponent or Reduction in rare or endangered species; loss of some threatened habitat
regulatory controls
Unacceptable ~ Remove, avoid or abandon Increase in risk to public health and safety above qualitative or quantitative levels; extinction of species; loss of genetic
diversity, rare or endangered species or critical habitat
Appendix Table C. Ministry of Fisheries (now Fisheries New Zealand) harvest strategy limits and their definitions (Ministry of Fish-
eries, 2008): an example from New Zealand for the management of fish stocks, although we emphasise that the values assigned to each
category are variable between jurisdictions.
Limit Management response
Target (ca. 30% of virgin biomass) No additional management response required
Soft limit (ca. 20% of virgin biomass) Triggers a requirement for a formal, time-constrained stock rebuilding plan
Hard limit (ca. 10% of virgin biomass) Biological reference point at which closure should be considered for target fisheries
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