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A B S T R A C T

As part of its commitment to the EU Marine Strategy Framework Directive (MSFD) OSPAR has developed three plankton indicators of Good Environmental Status
(GES) for pelagic habitats in the Northeast Atlantic. In coming years, implementation of the MSFD will extend into the Arctic, requiring the application of pelagic
habitat indicators in the region. Because plankton communities and monitoring effort are spatially variable, applicability to the Arctic of existing indicators must be
assessed. A meta-analysis is applied to the Northeast Atlantic pelagic habitat indicators to establish their ecological applicability and relevance to Arctic marine
ecosystems and their implementability using existing national monitoring effort. To identify gaps and potential improvements in the OSPAR indicators, two gap
analyses were conducted. The first considered the Northeast Atlantic OSPAR-adopted indicators and existing plankton indicators currently employed by Arctic
nations. The second assessed the minimum data attributes required to implement existing OSPAR indicators compared to existing national plankton monitoring effort
by OSPAR Arctic contracting parties. Existing Northeast Atlantic pelagic habitat indicators were found to be ecologically applicable to the Arctic, primarily due to
flexibility of the plankton lifeforms and biodiversity indices indicators, that allow selection of regionally relevant lifeform pairs or species for assessment. However,
current national monitoring programmes were found insufficient to support their implementation. Additional regionally-specific indicators, such as for sympagic
phytoplankton and sea-ice biota, are worthy of consideration. Budgetary constraints and a lack of year-round sampling and long-term datasets were found to be key
limitations in the implementation of plankton indicators for establishing GES.

1. Introduction

Marine ecosystem health and resilience can be monitored by in-
vestigating identifiable and measurable ecological properties which, in
turn, can be used in the development of marine policy indicators and
management frameworks [85]. The Marine Strategy Framework Di-
rective (MSFD) (Directive 2008/56/EC) was adopted by the European
Union (EU) in 2008, requiring EU Member States to maintain or achieve
Good Environmental Status (GES) in their seas by 2020 [30]. The MSFD
stipulates that management measures and actions should be based on
an ecosystem-based management (EBM) approach [30]. The suite of 11
MSFD descriptors aims to deliver a holistic management approach,
representative of the state and functioning of the whole marine eco-
system [8,9], through the establishment of environmental thresholds
and monitoring of associated indicators to determine GES [58].

Plankton can be effectively employed in EBM monitoring pro-
grammes to assess environmental status of regional waters and changes
resulting from anthropogenic and climate pressures [60] and are
mandated by the MSFD in the indicative list of characteristics to be
considered (2008/56/EC, Annex III, Table 1). Plankton are particularly
well suited as indicators of environmental change due to their rapid
response to changes in climate, hydrology and water quality
[26,40,82], with phytoplankton biomass commonly adopted as an

indicator of primary production as part of EBM monitoring [10]. As the
ocean's major primary producers, phytoplankton are fundamental to
the marine food web [56] and perform a number of ecological func-
tions, such as the cycling of key nutrients [28,59]. Phytoplankton also
provide anthropogenically important ecosystem services, generating
50% of the world's oxygen, playing a fundamental role in carbon cy-
cling and affecting the success of fish populations via the food web
[33,81]. Zooplankton grazing on nutrient-rich phytoplankton facilitates
energy flow to higher trophic levels via zooplanktivorous fish [82].

The OSPAR Convention is a cooperative mechanism adopted by
fifteen EU and European Economic Area Member States which is col-
laboratively implementing EBM in the Northeast Atlantic to meet MSFD
requirements [69]. OSPAR acts as the Regional Seas Commission for
five marine regions within the Northeast Atlantic, including Region 1 -
the Arctic, Region 2 – the Greater North Sea, Region 3 – the Celtic Seas,
Region 4 – the Bay of Biscay, and Region 5 – the wider Atlantic ([69];
Fig. 1). Pelagic habitat indicators, based on plankton data, have been
developed for the Northeast Atlantic Regions (Regions 2, 3, and 4). The
three indicators, PH1/FW5 Changes in functional types (plankton life-
forms), PH2 Plankton biomass and/or abundance, and PH3 Plankton
biodiversity indices, relate to multiple MSFD descriptors, including
Descriptor 1 - Biodiversity, Descriptor 4 - Food webs, and Descriptor 6 -
Seabed integrity [60,61]. A key consideration in the development and
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implementation of marine policy indicators is regional ecosystem spe-
cificity [59]. The MSFD stipulates that ‘the applicability of specific in-
dicators related to the criteria may require consideration as to whether they
are ecologically relevant to each situation being assessed’ ([31], Annex Part
A, paragraph 7). Implementation of the MSFD will expand into the
Arctic in the future, but it is unknown if the three plankton indicators,
which have been developed and tested in the Northeast Atlantic Re-
gions, will be ecologically applicable to the Arctic, which is char-
acterised by complex temporal and spatial variability in ecohydro-
graphic conditions [32,79,85].

The Arctic plankton community has some key differences from the
Northeast Atlantic community. Sympagic (ice-associated) algae con-
stitute up to 26% of total primary productivity in areas of seasonal ice
cover [42], such as those found in the most northerly parts of the
OSPAR Arctic region [53]. As in the Northeast Atlantic, Calanus co-
pepod species are key components of the mesozooplankton biomass

[7,15], with Calanus finmarchicus generally the most abundant across
the region [48,68]. Lipid-rich Arctic species such as Calanus hyperboreus
and Calanus glacialis also play an important role in the Arctic food web
and become more abundant and account for increasing biomass in the
more northern areas of the region [5,38,89].

Climate change is recognised as the greatest overall threat to Arctic
ecosystems by both the IPCC et al. [49] and the Arctic Council [1] and
is likely to affect Arctic plankton communities [80]. Changes in sea-ice
retreat and seasonal ice melt will affect shade-adapted sympagic algal
biomass which supports phytoplankton seeding and zooplankton
grazing during the annual spring bloom in the marginal ice zone
[42,53] and could result in decreased zooplankton abundance [4].
Further cascadal impact could affect commercial fisheries of major
zooplankton grazers such as capelin (Mallotus villosus) and polar cod
(Boreogadus saida), the latter having been reported at its lowest abun-
dance level in the Barents Sea since 1990 [48]. Changes in circulation

Table 1
MFSD descriptors and indicators and their corresponding OSPAR indicators. ● indicates links specified by OSPAR's Intersessional Correspondence Group on
Coordinated Biodiversity Assessment and Monitoring (ICG-COBAM), adapted from the 2015 report of the ICES Working Group on Biodiversity Science (WGBIODIV)
[47].

OSPAR indicators
Pelagic habitats

PH1: Changes in phytoplankton
and zooplankton communities

PH2: Changes in phytoplankton
biomass and zooplankton abundance

PH3: Plankton
biodiversity indices

MSFD Indicators Biodiversity
1.4.1 Distributional range ●
1.4.2 Distributional patterns ●
1.6.1 Condition of the typical species and
communities

●

1.6.2 Relative abundance and/or biomass ● ●
1.7.1 Composition and relative proportions
of ecosystem components (habitats and
species)

● ●

Foodwebs
4.3.1 Abundance trends of functionally
important selected groups/species

● ●

Seabed Integrity
6.2.2 Multi-metric index assessing benthic
community condition and functionality

●

Fig. 1. Map showing the boundaries of OSPAR Region 1 (grey line) and an estimation of the boundary of the Arctic region as classified by Arctic Council working
group Protection of the Arctic Marine Environment (PAME) (dotted line). Adapted from [69] ©OSPAR Commission.
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and the displacement of Arctic water by more temperate Atlantic water
in the western Barents Sea have resulted in changes in plankton as-
semblages with different species compositions [57,68]. Such changes
have also been reported in the Norwegian Sea at the Iceland-Faroe
Front where C. hyperboreus has largely disappeared [52].

In recent decades, thawing of permafrost, glaciers and snow, along
with levels of precipitation and river runoff, have been exacerbated by
climate change [43,77]. Resulting increases in stratification can inhibit
nutrient transfer, affecting plankton productivity [88]. In turn, changes
in light attenuation due to shallower mixed layers can impact photo-
synthesis affecting primary production and biomass [18]. Annual net
primary productivity has been increasing in the Arctic Ocean, on a
region-wide scale, attributed to a longer open water season caused by
sea ice retreat [3,4,74,80].

Unlike the Northeast Atlantic regions, Region 1 has a relatively low
population of approximately 2.6 million, so impacts on the marine
environment from human settlements are generally small and highly
localised [73]. Offshore oil extraction, primarily in Norwegian waters,
along with significant commercial fisheries throughout the region are
the most significant, manageable anthropogenic pressures that may
impact plankton communities (OSPAR Commission, 2016). Frank et al.
[35,36] found that overfishing of large demersal fish populations led to
a trophic cascade, negatively impacting zooplankton abundance. Co-
pepods undergo physiological responses to ingested hydrocarbons from
oil extraction [2] along with the potential for bioaccumulation [23].

Given the differences between the Northeast Atlantic and Arctic
regions, in terms of plankton communities and the environmental and
anthropogenic influences affecting them, the regional transferability of
the existing OSPAR Northeast Atlantic pelagic habitat indicators must
be reviewed for their applicability to Arctic marine ecosystems in the
OSPAR region. This study aims to establish their applicability on two
levels:

i) Can the existing indicators effectively identify changes in plankton
functioning, composition, abundance and biomass in Arctic marine
ecosystems in order to assess the environmental status of Arctic
waters?

ii) Are the indicators implementable using existing national plankton
monitoring programmes conducted by OSPAR Region 1 contracting
parties?

2. Methods

2.1. OSPAR Region 1: Arctic

Region 1 represents approximately 40% of the total OSPAR mar-
itime area (OSPAR Commission, 2016), with four littoral nations,
Norway, Iceland, Greenland and Faroe Islands (Fig. 1). There are also
three littoral states in the wider Arctic, outside Region 1, that are not
OSPAR contracting parties - Canada, USA and Russia. Environmental
conditions are harsh, with short, productive summers of high light
penetration, followed by long winters of ice cover and low light, and
seasonal changes in sea ice coverage [79].

2.2. Existing OSPAR plankton indicators in the Northeast Atlantic

As part of the first stage of MSFD implementation, OSPAR's
Intersessional Correspondence Group on Coordinated Biodiversity
Assessment and Monitoring (ICG-COBAM) has developed and adopted
three pelagic habitat indicators (Table 1). ‘PH1/FW5 Changes in phy-
toplankton and zooplankton communities’ groups plankton taxa into
ecologically-meaningful lifeform pairs; changes in relative abundance
of lifeforms indicate changes in ecosystem functioning [60,61,70]. This
indicator is also an MSFD food-web indicator. ‘PH2 Changes in phyto-
plankton biomass and zooplankton abundance’ uses indicators of phy-
toplankton biomass and copepod abundance to provide insight into
plankton productivity while ‘PH3 Plankton biodiversity indices’ de-
scribes plankton community structure through changes in species
evenness, dominance and richness [61,71,72]. Together, the suite of
indicators offers insight into plankton function, productivity, and
community structure [61].

2.2.1. PH1/FW5: Changes in functional types (plankton lifeforms)
Indicator PH1/FW5 (Pelagic Habitats 1/Food Webs 5; hereafter

referred to as ‘PH1’ for brevity) uses abundances of plankton functional
group, or lifeform, pairs to identify ecological change [60,61,70].
Functional, rather than species, diversity has been found to be a more
preferable indicator of ecosystem resilience to pressure [24,40,62].
Changes in relative abundance between planktonic lifeform pairs can be
indicative of external pressures that threaten ecosystem resilience [87].
Eight lifeform pairs are currently in use (Table 2) with one example the
pairing of diatoms and dinoflagellates, whereby dominant abundance
of dinoflagellates could indicate eutrophication, which could result in
less desirable food webs [47,70].

2.2.2. PH2: Plankton biomass and/or abundance
As the ocean's main primary producers, phytoplankton biomass is

linked to pelagic primary production [10], whilst zooplankton play a
key role in energy transferal through the food web as the main con-
sumer of phytoplankton and as the subject of predation by higher
trophic levels [82]. PH2 uses phytoplankton biomass as an indicator of
primary production. Copepod abundance has been selected as the in-
dicator of zooplankton abundance due to their importance in energy
transfer to higher trophic levels of the food web and their nearly-ubi-
quitous presence [47,71].

2.2.3. PH3: Plankton biodiversity indices
Biodiversity indices can simplify characterisation of ecosystem

status, using species to quantify ecosystem health in relation to estab-
lished baseline conditions [22]. Species are indexed in relation to their
response to environmental changes in the environment and can high-
light changes in structural aspects of species assemblages [22]. For
example, impacts of water pollution may only affect the structure of
assemblages or the abundance of a few species, rather than overall
biomass or the ratio between functional groups [45] and changes in
biodiversity indices can highlight where changes influenced by human
pressures may be occurring [27]. PH3 uses indices of species richness

Table 2
The eight lifeform pairs adopted for use as indicators for OSPAR pelagic habitat indicator PH1 in the Northeast Atlantic. (Source: [47,70]).

Lifeform pair Ecological rationale

Diatoms and dinoflagellates Dominance by dinoflagellates may be an indicator of eutrophication and result in less desirable food webs.
Gelatinous zooplankton and fish larvae/eggs Indicator of energy flow and possible trophic pathways.
Holoplankton and meroplankton Indicator of strength of benthic-pelagic coupling.
Large (< 20 µm) and small (< 20 µm) microphytoplankton Size-based indicator of the efficiency of energy flow to higher trophic levels.
Microphytoplankton and non-carnivorous zooplankton Indicator of energy flow and balance between primary producers and primary consumers.
Pelagic diatoms and benthic diatoms Indicator of benthic disturbance and frequency of resuspension events.
Crustaceans and gelatinous zooplankton Indicator of energy flow and possible trophic pathways.
Small (< 1.9mm) copepods and large (> 2.0mm) copepods Size based indicator of food web structure and energy flows.
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and dominance to detect changes in plankton diversity [72].

2.2.4. Implementation requirements of OSPAR pelagic habitat indicators
The implementation of PH1, PH3, and the copepod abundance

portion of PH2 are dependent on two key data attributes - composition
and abundance of both phytoplankton and zooplankton taxa (Table 3).
Whilst PH1 and the copepod abundance of PH2 rely on genus level
identification, PH3 is species dependent. Generating plankton taxo-
nomic data suitable for use in EBM indicators usually requires taxo-
nomic identification and enumeration via light microscopy, demanding
a high level of expertise [61]. Analysis by light microscopy can be time-
consuming and costly, but is the only widespread method of obtaining
species-level plankton data [39,55]. Phytoplankton biomass for PH2
can be estimated using chlorophyll concentration from remote sensing
or in situ sampling, but there are alternatives, such as the Continuous
Plankton Recorder (CPR) Phytoplankton Colour Index (PCI), which has
a> 80 year time-series at a wide spatial scale, or phytoplankton
carbon from biovolume [47]. For these indicators to be operationalised,
national plankton monitoring programmes must be able to support the
acquisition of these data [75].

Seasonal, inter-annual, and decadal variability in the Arctic mean
that long-term datasets are integral for the implementation of plankton
indicators, both in terms of developing representative baselines and in
distinguishing between large-scale influences resulting from hydro-
graphic or climate driven changes and direct anthropogenic pressures
that are manageable at an MSFD scale [29,58]. All three pelagic habitat
indicators are dependent on year-round, monthly monitoring to provide
sufficient data capturing features of natural or climate-driven varia-
bility, such as seasonal succession and the spring bloom, which could
otherwise appear to be pressure-related [87].

2.3. Analysis

To expose gaps or potential improvements in the OSPAR pelagic
habitat indicators in relation to their expansion into the Arctic, a meta-
analysis of plankton indicators currently employed or recommended by
Arctic littoral states was conducted. Meta-analysis offers the opportu-
nity to combine evidence with the aim of detecting and addressing
inconsistencies (Koricheva et al. [91]); existing scientific literature,
legislative documentation and national and bilateral monitoring reports
were consulted. The approach was divided into three stages.

2.3.1. Horrendogram
To establish the legislative EBM landscape, the national monitoring

programmes and management strategies of all Arctic littoral states were
first reviewed. This process provided a holistic overview of plankton
monitoring and management across the Arctic region, enabling com-
parison between OSPAR contracting parties and the other, non-OSPAR
Arctic states to identify gaps, synergies and inconsistencies in current
practice. A ‘horrendogram’ (sensu Boyes and Elliot [11]), was created to
illustrate the international, multilateral, bilateral and national legisla-
tion and cooperation that inform or support EBM in the Arctic region
for all littoral Arctic states. The horrendogram visualises the

organisation of current regulation, as well as multi- and bilateral co-
operation in the Arctic region, to facilitate the gap analyses.

2.3.2. Gap analyses
An initial gap analysis compared the OSPAR pelagic habitat in-

dicators with the plankton indicators currently recommended by the
Arctic Council working group, the Conservation of Arctic Flora and
Fauna (CAFF), in order to match synergies and identify any gaps. CAFF-
recommended indicators, outlined in the Arctic Marine Biodiversity
Monitoring Plan (AMBMP) [41], were used as the reference point as
they are the result of cooperation from all Arctic Council member states
via CAFF's Plankton Marine Expert Network (MEN). No defined
plankton indicators were found for the USA or Russia. Canada, the only
other non-OSPAR nation with an Arctic EEZ, has based their indicators
on the AMBMP [17,76].

A second gap analysis was conducted to establish if the minimum
data attributes (see Table 2) required to implement the OSPAR plankton
indicators are being delivered in the existing national plankton mon-
itoring programmes of each OSPAR contracting party within Region 1.
No importance weighting was applied to individual attributes as each
attribute is essential to the implementation of their respective in-
dicators. Other factors included in the gap analysis included frequency
of monitoring and availability of historical data for baselines.

2.3.3. Strengths, weaknesses, opportunities and threats (SWOT) analysis
A SWOT analysis was conducted to synthesise the two sets of gap

analysis results into a holistic appraisal of the applicability of OSPAR
Northeast Atlantic plankton indicators to the expansion of the MSFD to
the Arctic region [46,75]. SWOT analysis enables synthesis of strengths,
weakness, opportunities and threats to identify possible solutions to a
given goal [37].

3. Results

3.1. The EBM landscape in the Arctic

EBM is largely implemented at a national scale in the Arctic (Fig. 2),
but complex legislative commitments and cooperative mechanisms
occur at international, multilateral and bilateral levels influencing EBM
strategy (Fig. 3). At a national level, whilst all countries have EBM
policies, only Canada was found to have published recommended
plankton indicators (Fig. 2). None of the Arctic countries outside of the
OSPAR region were found to have identified environmental status
triggers for management action. Whilst there are some synergies be-
tween the national plankton monitoring programmes across the Arctic
region, there is no consistent approach, even between the OSPAR
contracting parties within Region 1, Norway, Iceland, Greenland and
the Faroes (Fig. 2). As such, there is no clear consensus on EBM using
plankton indicators in the region.

Whilst the Convention on Biological Diversity (CBD) (1993) and the
United Nations Convention on the Law of the Sea (1982) provide over-
arching legislative commitments, on a region-specific pan-Arctic scale
no such legislative commitments exist (Fig. 3). Consistency in scientific

Table 3
OSPAR pelagic habitat indicators, listed with a description and the minimum data requirements to enable implementation.

OSPAR indicator Description Data attribute required

Phytoplankton Zooplankton

PH1: Changes in phytoplankton and
zooplankton communities

Change in relative abundance of lifeform
pairs

Composition; abundance (genus level) Composition; abundance (genus
level)

PH2: Changes in phytoplankton biomass and
zooplankton abundance

Total phytoplankton biomass; total
copepod abundance

Chlorophyll concentration or other
biomass/productivity proxy

Copepod abundance

PH3: Plankton biodiversity indices Indices based on number of species and
dominance in community

Species composition; species abundance
(species level)

Species composition; species
abundance (species level)
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guidance and recommendations emanates from the Arctic Council, as
well as the International Arctic Science Committee (IASC) and the In-
ternational Council for the Exploration of the Sea (ICES).

3.2. Gap analysis: OSPAR indicators and CAFF recommendations

The gap analysis between the OSPAR Northeast Atlantic pelagic
habitat indicators and the plankton indicators recommended by the
CAFF Plankton Marine Expert Network (MEN) (Table 4) highlighted
several synergies. CAFF's phytoplankton productivity and community/
group abundance could contribute to PH2, while CAFF's diversity in-
dices could support PH3.

There are also a number of synergies between OSPAR PH1 and in-
dicators recommended by CAFF, largely due to the flexibility of PH1,
which can be tailored to accommodate regionally relevant lifeform
pairs. CAFF indicator ‘ratio small:large’ could support PH1 as two of the
8 lifeform pairs currently adopted by OSPAR are size-based: small and
large copepods and small and large phytoplankton. There is a distinc-
tion between the CAFF indicators, ‘community/group abundance’ and
‘community/group biomass’, and PH1 however, because CAFF does not
specify the use of relative abundance of lifeform pairs but the use of
time-series trends for isolated species or groups [17].

The flexibility of PH1, which enables the selection of regionally
relevant functional groups or lifeforms as needed, means that additional
pairs could be developed under PH1 to incorporate the other CAFF
recommendations. For example, the importance of sympagic species in
the Arctic is recognised by the existence of the CAFF Sea Ice Biota MEN,
which recommends indicators relating specifically to sympagic (ice-
dwelling) species (Table 5). Whilst OSPAR pelagic habitat indicators do
not currently specifically identify sympagic species for analysis, the
indicators do have some synergies with CAFF's, for example ‘diatoms vs
dinoflagellates’ - PH1, and ‘pelagic vs benthic diatoms’ – PH1. Ad-
ditionally, sympagic taxa could constitute an additional lifeform if PH1
were expanded to the Arctic. Sympagic phytoplankton taxa would also

contribute to Arctic ‘diversity indices’ - PH3 and ‘biomass indicators’ -
PH2.

Further taxonomic analysis of the monitoring samples or additional
sampling methods required to deliver the three OSPAR pelagic habitat
indicators, for example the identification and biomass of sympagic taxa,
as recommended by the CAFF Sea Ice Biota MEN (Table 5), could help
increase regional specificity of the indicators when applied to the
Arctic. This suggests that the flexibility of the OSPAR indicators PH1,
PH2 and PH3 have the potential to be regionally transferable and
highly ecologically applicable to EBM in Region 1.

3.3. Gap analysis: OSPAR contracting parties monitoring programmes and
minimum data requirements

All OSPAR contracting parties in Region 1 monitor phytoplankton
biomass as part of their monitoring programmes and all monitor co-
pepod abundance, except the Vardø North transect in the Barents Sea,
Norway (for map, see Appendix A). However, none monitor on a
monthly, year-round basis and so sampling frequency is insufficient to
support PH2 in its current format.

Despite some gaps in information (Table 6), the analysis found that
none of the national monitoring programmes in Region 1 are sufficient
to support PH1 or PH3, which are dependent on monthly data. Mon-
itoring at Rjipfjorden, Norway and Zackenberg, Greenland does not
currently include phytoplankton species abundance, although is likely
to be added to the latter site's programme in the future (T. Juul-Ped-
ersen, pers. comm). Whilst all required parameters are currently mon-
itored at both Iceland locations, and at Norway's Kongsfjorden and
Fugløya-Bjørnøya, none of the sites are monitored on a monthly basis.
Zooplankton samples are currently gathered at Vardø North, Norway,
but they are not analysed to a sufficient taxonomic extent to fulfil the
OSPAR indicators. All other Region 1 plankton monitoring locations
were found to be insufficient in both frequency and the required data
attributes to implement either PH1 or PH3 under existing monitoring.

Fig. 2. Map showing national plankton monitoring programmes and multi-/bilateral cooperation. It should be noted that the lists of monitoring parameters at
national level is not exhaustive and is restricted to those found in publicly available reports and databases. Not all parameters listed will necessarily be covered across
all their respective national monitoring sites. (Sources: [15,41,50,53,57,65,66,76]).
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As such, PH1 and PH3 cannot currently be supported.
No information was found for monitoring currently taking place in

the eastern section of the Norwegian Sea, along the Norwegian coast-
line within Region 1. However, there is a national management plan in
place for the area [67].

3.4. SWOT analysis

Synthesising the results of the two gap analyses, and placing them in
the context of the pressures on Arctic plankton communities, high-
lighted several key points (Table 7). PH1, PH2 and PH3 were found to
be ecologically applicable to Region 1, with synergies between the three

Fig. 3. Horrendogram illustrating international, multilateral, bilateral and national policy and cooperation influencing EBM strategies and management in the Arctic.
Abbreviations: EU. Int. Mar. Pol. = EU Integrated Maritime Policy, NOR-RUSS Comm On Env. Protections = Norwegian-Russian Commission on Environmental
Protection. (Sources: [67,41,11,50,53,57,64,68,76]).

Table 4
Results of gap analysis between the OSPAR pelagic habitat indicators for the Northeast Atlantic and the CAFF recommended plankton indicators [41]. ● highlights
where CAFF recommended plankton indicators could support the implementation of OSPAR indicators, subject to the selection of regionally relevant taxa.

OSPAR indicators

PH1: Changes in phytoplankton and
zooplankton communities

PH2: Changes in phytoplankton
biomass and zooplankton abundance

PH3: Plankton
biodiversity indices

CAFF Plankton MEN
recommended indicators

Community/group
abundance

●

Community/group
biomass

●

Diversity indices ●
Productivity ●
Ratio local: invasive ●
Ratio small: large ●
Size spectra
abundance: size

●

Stage distribution ●
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OSPAR indicators and many of the current CAFF-recommended in-
dicators. The OSPAR indicators are inherently flexible enough that they
can be adapted via the inclusion of regionally relevant taxa.

Existing sampling methods used by OSPAR contracting parties are
generally sufficient to meet the relevant data attributes. However,
samples from many transects are not currently analysed to a taxonomic
level that would provide the required data and none are sampled at a
monthly frequency. All existing OSPAR contracting parties in Region 1
monitor phytoplankton biomass and copepod abundance, the two
parameters of PH2, with the only exception being that the Norwegian
Vardø transects do not monitor the latter; but in-situ sampling, how-
ever, is not conducted on a monthly basis and is therefore temporally
insufficient. Where satellite remote sensing (SRS) is employed, low sun
elevation limits observations to the period between April and August
and cloud coverage can reduce the amount of high quality data [53].
Key limiting factors were found to be low frequency of sampling across
all monitoring programmes in Region 1; a lack of spatially extensive,
long-term datasets; and budgetary constraints ([41], CBMP Marine
Steering Group, 2015, [15]).

4. Discussion

4.1. State of the art: EBM and plankton monitoring in the Arctic region

The Arctic region is legislatively complex, with several countries
having two or more policies, strategies and implementation plans in
place. Since implementation of EBM is conducted at a national level,
there lacks a consistent pan-Arctic approach, although advisory bodies
such as ICES, IASC, PICES and the Arctic Council provide some con-
sistency in terms of recommendations and guidelines for best practice.

No clear definition, or equivalent, of GES targets for non-OSPAR
nations in the Arctic region (USA, Canada, Russia) was found. Non-
OSPAR national plankton monitoring programmes are tracking eco-
system state, trends and change but there was no defined management
structure or target thresholds to provoke management action, akin to
MSFD GES. CAFF's 2011 AMBMP Monitoring Report 3 states that ‘a
threshold level to trigger management action is probably not relevant for
indicators on phyto- and zooplankton’ ([41], p.128), however it does
acknowledge the importance of time series data to establish a baseline
reference state of ‘a normal range of values’ ([41], p.128). In their 2017
State of the Art of Arctic Marine Biodiversity Report, however, CAFF do
recommend that Arctic Council nations develop plankton ‘species in-
dexes and, if possible, identify taxa for monitoring’ ([15], p.8).

The current lack of clearly defined targets and indicators for
plankton at a national level for non-OSPAR countries infers that the
OSPAR contracting parties will be the only nations implementing an
accountable management strategy. There is no legislative EBM obliga-
tion at a pan-Arctic level, so accountability is self-regulated at a na-
tional level, or at an international level under the Convention for
Biological Diversity (CBD) and the United Nations Convention on the
Laws of the Sea (UNCLOS) [90].

4.2. The applicability of OSPAR pelagic habitat indicators to OSPAR Region
1

EBM is particularly effective when expressed as the maintenance of
ecosystem structure (e.g., biodiversity), functions (e.g., productivity)
and processes (e.g., energy flow) [85], all aspects considered by the
OSPAR pelagic indicators. Indicator PH1 was found to be ecologically
applicable and relevant to Arctic ecosystems, primarily due to its flex-
ibility in terms of the selection of lifeform pairs that are regionally
relevant to assess the structure and function of plankton assemblages.
However, consideration should be given to the drivers of change in
lifeform pairs, for example the dominance of dinoflagellates over dia-
toms in the Northeast Atlantic may indicate eutrophication [47], but in
the Arctic is likely to indicate changes in stratification resulting fromTa
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climate-driven increases in sea-ice and permafrost melt [51]. Phyto-
plankton biomass and copepod abundance for PH2 supports the mon-
itoring of primary productivity and the process of energy transfer to
higher trophic levels, while PH3 is similar to the current CAFF diversity
index indicator.

The ratio of local:invasive species is CAFF recommended, though
not included in the current suite of OSPAR pelagic indicators. This in-
dicator, however, could manifest under MSFD Descriptor 2: non-in-
digenous species. Instances of non-native plankton species in the Arctic
have been attributed to large-scale changes relating to hydrographic
and climate-driven change, rather than direct anthropogenic introduc-
tion. For example, the appearance of the Pacific diatom Neodenticula
seminae in the North Atlantic after 800,000 years has been attributed to
sea-ice melt and increases in Pacific inflow to the Atlantic Arctic [78]
and the northward expansion of more temperate plankton species, such
as C. finmarchicus, although not strictly invasive, has been attributed to
increasing sea temperature [19].

The potential impact of changes in sympagic algae biomass in the
marginal ice zone should be considered when assessing Arctic plank-
tonic ecosystem structure and function [34], particularly given sym-
pagic algae can account for up to 26% of total primary productivity in
areas of seasonal ice cover [42]. No consistent, on-going monitoring of
sea-ice biota currently takes place by OSPAR contracting parties in
Region 1 [12–15], or by non-OSPAR countries in the wider Arctic re-
gion [15,20]. Consequently, there is little information on status and
trends [44] and conducting ice core sampling to establish Chlorophyll a
concentrations, along with the subsequent lab analysis, is time-in-
tensive and extraction is destructive [16]. However, non-invasive
methods using wave-length specific transmitted irradiance to assess
biomass have been explored in studies [16,54,63] and could provide an

alternative method to facilitate the addition of an ice-algae biomass
indicator in PH1 and as a contribution to PH2 in the future.

Another addition to PH2 that could increase regional specificity is
the inclusion of copepod biomass. As the dominant mesozooplankton in
the Arctic region, three species of Calanus make up 50–80% of the
biomass [84] and are an integral part of the structure and function of
the plankton community, as well as a major source of energy transferal
in the pelagic lipid-based Arctic food web ([83]; Falk-Petersen, 2009;
[84]). However, significant differences have been found in the relative
abundance and biomass of the Atlantic-associated C. finmarchicus, and
the lipid rich, Arctic-associated C. hyperboreus and C. glacialis. A study
by Astthorsson and Gislason [5] on the East Icelandic Current found
that, whilst C. finmarchicus was dominant in terms of abundance (ap-
proximately 75%) C. hyperboreus represented approximately 76% of the
biomass. In light of this, the inclusion of copepod biomass to PH2 could
be a valuable addition.

The primary focus of the MSFD is to achieve GES through the
management of direct anthropogenic pressures [60]. Climate change is
outside the MSFD's scope but is referred to as a ‘prevailing condition’
([30], Annex 1, paragraph 1). Due to the complexity of hydrographic,
climatic and anthropogenic influences, as well as regional specificity of
plankton communities themselves, developing environmental in-
dicators and implementing effective EBM can be challenging [6,21,58].
The ability to distinguish large-scale, hydrographic and climate change
driven variability from anthropogenically-triggered, manageable
change is key to establishing if MSFD GES has been achieved [58], a
challenge which applies to Arctic pelagic habitats as well as those in the
Northeast Atlantic.

Table 6
Overview of gap analysis between OSPAR pelagic habitat monitoring requirements and the national monitoring programmes conducted by OSPAR contracting parties
in Region 1. (Sources: [15,41,50,53,57,76]).
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4.3. Challenges to implementation

Whilst the Northeast Atlantic OSPAR pelagic habitat indicators were
found to be ecologically applicable to Region 1, there are a number of
critical factors that could hinder their implementation. On a practical
level, although the current sampling methods of all OSPAR Region 1
national plankton monitoring programmes are sufficient to facilitate
delivery of the data attributes required for PH1, 2 and 3, sampling
frequency is currently insufficient across all programmes. Currently,
only Norway conducts consistent national plankton monitoring more
frequently than once per year, although their Barents Sea transects are
restricted to between four to six times annually. Monitoring is often
dependent on weather and access conditions [53], which proves par-
ticularly restrictive in areas of seasonal sea ice and the, often harsh,
maritime conditions in the region can be prohibitive. As implementa-
tion of the pelagic habitat indicators is dependent on monthly, year-
round monitoring [70] none of the monitoring programmes of OSPAR
contracting parties in Region 1 can currently support their im-
plementation. As year-round monitoring may be unachievable in areas
where the pelagic habitat is seasonally icebound, testing of the current
OSPAR pelagic indicators for adaptation for use only during ice-free
conditions (< 12 months per year of samples) could be explored. In-
frequency of monitoring also poses challenges when trying to establish
baseline or reference conditions by which to establish GES since natural
variability, as well as long-term, large scale changes, that may not be
captured or represented [87].

Deficits in funding available for research and on-going monitoring
in the Arctic region are a major concern ([41]; CBMP Marine Steering
Group, 2015; [15]), particularly given the importance of long-term
datasets, and could hinder the implementation of the Northeast Atlantic
OSPAR pelagic habitat indicators in Region 1. The Arctic Council's Task
Force on Arctic Marine Cooperation (TAFMC) has committed to

exploring the potential for a central research fund, contributed to by
Arctic member states and, potentially, international funding [86] but,
to date, no solution to this financial challenge has been agreed. Se-
curing committed, long-term financing of plankton monitoring will be a
cornerstone in ensuring effective EBM implementation in the region.

The high cost, time demand and level of expertise required for
taxonomic identification, which is fundamental for the implementation
of PH1 and 3, could prove to be a barrier to increasing the frequency, or
expanding the geospatial coverage of, existing national plankton
monitoring programmes. In a report from the Joint Russian-Norwegian
Monitoring Project it was stated that, whilst zooplankton samples had
been retrieved along the North Vardø transect for the purpose of species
composition and abundance analysis, species identification has not
been completed due to insufficient resource [53].

5. Conclusion and recommendations

Overall the Northeast Atlantic OSPAR pelagic habitat Indicators
were found to be ecologically applicable to the regional specificity of
OSPAR Region 1, the Arctic, and are expected to be able to effectively
identify changes in plankton structure, function and productivity. PH1
and PH3 have the flexibility to include regionally-relevant lifeform
pairs and indicator species that can be selected based on priorities at a
local level. PH2 is already monitored by all nations as phytoplankton
biomass on all national monitoring transects and copepod abundance
on all but two Barents Sea transects. The addition of copepod biomass
and sympagic algal biomass could enhance regional specificity although
neither are currently monitored by OSPAR contracting parties in Region
1.

Whilst, theoretically, the Northeast Atlantic OSPAR pelagic habitat
indicators are ecologically applicable in Region 1, the reality of existing
national monitoring programmes means that they cannot be

Table 7
Strengths, weaknesses, opportunities and threats (SWOT) analysis synthesised results of both gap analyses.

Strengths Weaknesses

• All OSPAR contracting parties in Region 1 have existing annual national plankton
monitoring programmes, although there are considerable areas of coastal zone not
monitored (Appendix A).

• Only 5 data attributes are required to implement all 3 OSPAR pelagic habitat
indicators: composition and abundance of phytoplankton and zooplankton (genus
for PH1 and PH2 copepod abundance, species for PH3), and phytoplankton biomass.

• All countries currently monitor phytoplankton biomass (part of PH2), although
methods differ: in situ sampling, remote sensing, and Continuous Plankton Recorder
Phytoplankton Colour Index (PCI).

• PH1 is highly flexible and lifeform pairs can be selected to ensure regional specificity
and relevance.

• PH3, biodiversity indices, has the flexibility to accommodate regionally significant
species.

• OSPAR pelagic habitats indicators have synergies with many CAFF recommended
indicators, although not all are directly comparable (e.g. PH1 and CAFF's
Community/group abundance).

• Low frequency of sampling means that current monitoring provides insufficient
data to effectively implement OSPAR pelagic habitat indicators and will not
account for seasonal variability.

• Lack of spatially extensive, multi-decadal time series across Region 1 to support
development of baseline conditions and facilitate the distinction between localised,
manageable pressures and seasonal, inter-annual and decadal variability.

• Sympagic (ice-dwelling) taxa are not currently represented in the OSPAR pelagic
habitat indicators, but could be a included in PH2 as part of phytoplankton biomass
or in PH1 as a lifeform.

• Inconsistencies in monitoring frequency and taxonomic analysis across Region 1
makes trans-boundary comparison challenging.

• PH2 currently does not feature zooplankton biomass. Calanus spp., play an integral
role in energy transfer but abundance is not necessarily representative of biomass in
lipid rich Arctic species.

• Some national monitoring programmes do not analyse all samples to a sufficient
taxanomic level, for example, zooplankton on some Norwegian transects.

Opportunities Threats

• Where the sampling methods of OSPAR contracting parties’ monitoring programmes
were identified, they are sufficient to fulfil the pelagic habitat indicator data
requirements if additional taxonomic analysis is applied.

• Expansion of the MSFD into OSPAR Region 1 could provide an opportunity to review
monitoring strategies at a region-wide level. An attempt to bridge inconsistencies
and develop a standardised approach to sampling and analysis methods and
indicator implementation could enhance comparability between datasets at the
regional level.

• The CPR currently operates in some areas of Region 1, but exploring the potential for
expansion of coverage could increase geographical spread of monitoring and
progress regional coherence and interoperability with the Northeast Atlantic region.

• The flexibility of PH1 and PH3 allows for the incorporation of regionally-specific
taxa, creating synergies with CAFF.

• Spatial implementation of the pelagic indicators in the Northeast Atlantic occurs
over ecohydrodynamic zones; a similar approach in Region 1 would account for the
ecoheterogeneity of the Arctic.

• Low sampling frequency could undermine EBM effort, particularly when
considering the need for sufficient datasets to set baseline conditions for GES and
to distinguish seasonal variability and large-scale change from manageable
anthropogenic pressures.

• Monitoring is often dependent on weather and access conditions, particularly further
north where sea-ice cover, harsh conditions, and dark winters make transects
inaccessible.

• Budgetary constraints are widely cited as a limiting factor for expanding and, in
some cases, sustaining monitoring effort at a national level.

• Taxonomic analysis, required for PH1, PH3 and the copepod abundance indicator in
PH2, is resource intensive and requires a high level of expertise.

• Low spatial coverage of monitoring in Region 1 will make implementation of EBM
challenging at a sub-regional scale defined by ecohydrodynamic zones.

• Baselines or reference states are likely to require frequent review, as climate change
impacts increase, to support differentiation between climate driven change and
changes in plankton state resulting from anthropogenic pressures.
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implemented without significant increases in sampling frequency. Lack
of funding and resource are the key factors prohibiting expansion, al-
though harsh environmental conditions also restrict year-round mon-
itoring in many areas.

The efficacy of any OSPAR plankton indicators in the Arctic will be
dependent upon the ability to distinguish likely causality, by identifying
significant correlations between changes in plankton status and an-
thropogenic pressures versus natural variability or climate driven in-
fluences [58]. The lack of frequent monitoring and long-term datasets
pose significant challenges in the development of effective baselines to
facilitate the assessment of MSFD GES.

5.1. Recommendations

• Further investigation of on-going plankton monitoring programmes
is merited as the lack of transparency in monitoring plan reporting
makes a fully comprehensive review of coverage and implementa-
tion challenging. Developing a centralised catalogue of programmes,
sampling methods and frequency could support development of a
regionally consistent approach to plankton monitoring and EBM
implementation.

• Geospatial coverage of monitoring is limited and inconsistent. To
optimise monitoring efficacy, consideration should be given to a
regional approach based on ecohydrodynamic zones, as is consistent
with OSPAR Northeast Atlantic implementation [70]. Consideration
should also be given to supporting the expansion of CPR coverage in
Region 1 for use in national monitoring, which would increase

consistency and intercomparability between the Northeast Atlantic
and Arctic.

• A full review of sampling and monitoring not reported at a national
level may highlight additional datasets for use in establishing
baselines and reference states.

• Technological advances, such as the Australian Antarctic Division's
2015 expedition to test the use of remotely operated underwater
vehicles (ROVs) in measuring ice algae within fast ice [25], could
provide more cost effective solutions to current challenges in sam-
pling and may merit further investigation.
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Appendix A. Locations of national plankton monitoring transects in OSPAR Region 1

See Fig. A1

Fig. A1. Map highlighting approximate positions of national monitoring transects in OSPAR Region 1. Map adapted from [69]. (Locations sourced from [65]).
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