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Abstract 11 

The Marine Strategy Framework Directive (MSFD) uses an indicator-based approach for ecosystem assessment; 12 

indicators of the state of ecosystem components ('state indicators') are used to determine whether, or not, these 13 

ecosystem components are at ‘Good Environmental Status’ relative to prevailing oceanographic conditions. Here, it 14 

is illustrated that metrics of change in plankton communities frequently provide indications of changing prevailing 15 

oceanographic conditions. Plankton indicators can therefore provide useful diagnostic information when interpreting 16 

results and determining assessment outcomes for analyses of state indicators across the food web. They can also 17 

perform a strategic role in assessing these state indicators by influencing target setting and management measures. 18 

In addition to their primary role of assessing the state of pelagic habitats against direct anthropogenic pressures, 19 

plankton community indicators can therefore also fulfil an important 'surveillance' role for other state indicators 20 

used to formally assess biodiversity status under the MSFD. 21 
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1 Introduction 22 

An ecosystem-based approach is increasingly adopted for the management of marine ecosystems [1, 2]. Whilst 23 

previous management strategies focused on key species and habitats, they neglected the interactions and linkages 24 

between ecosystem components, as well as between ecological and social systems [3, 4]. Ecosystem-based 25 

management on the other hand, considers humans as part of the ecosystem, and aims to manage the impact of 26 

multiple anthropogenic activities to achieve a healthy ecosystem state with a sustained flow of ecosystem services to 27 

humans [4, 5].The EU Marine Strategy Framework Directive (MSFD) takes an ecosystem approach to the 28 

management of European seas, supported by Integrated Ecosystem Assessments, where indicators are required to 29 

synthesize scientific information and formally assess progress towards the overall ecosystem objective of ‘Good 30 

Environmental Status’ (GES) [6, 7]. Out of the 11 qualitative descriptors that comprise the MSFD[8], the descriptors , 31 

‘Biodiversity’, ‘Food webs’ and ‘Sea Floor Integrity’, describe ecosystem state.[9] 32 

As a directive concerning direct, manageable anthropogenic pressures on the marine environment, the development 33 

of MSFD biodiversity state indicators for formal assessment initially focused on indicators with clear pressure-state 34 

relationships and associations with defined thresholds and targets.  An example is a fish stock size controlled by 35 

levels of fishing pressure [10, 11]. These state indicators can follow an ‘Activity’-‘Pressure’-‘State’-‘Response’ (APSR) 36 

framework of marine management, where a human activity applies a defined pressure on the system. This pressure 37 

causes a change in the state of the indicator, which can trigger a management response [12]. However, Shephard, 38 

Greenstreet, Piet, Rindorf and Dickey-Collas [12] argue that a separate class of indicators called ‘surveillance 39 

indicators’, where the links to defined anthropogenic pressures are not well understood and where target setting is 40 

difficult, can also contribute to ecosystem assessments under the MSFD. Surveillance indicators do not have a direct 41 

influence on the formal assessment of Good Environmental Status, but their ‘surveillance’ can provide information 42 

on wider ecosystem impacts of anthropogenic pressures as well as changing environmental conditions. Therefore, 43 

surveillance indicators can also result in triggering management action when pre-defined bounds are passed.  44 

Indicators that describe the structure and functioning of plankton communities have been developed to formally 45 

assess the state of ‘pelagic habitats’ within the MSFD. These include indicators of bulk properties such as primary 46 

production as well as indicators of change in plankton functional groups [13]. Plankton indicator change may be 47 
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driven by a multitude of direct anthropogenic pressures, most notably eutrophication resulting from anthropogenic 48 

nutrient pollution [14]. The assessment of these MSFD plankton indicators, therefore, can directly contribute to the 49 

design of the programme of management measures needed to ensure marine ecosystems are in Good 50 

Environmental Status under the MSFD, should a change in the plankton indicators be detected during assessment, 51 

and linked to direct anthropogenic pressure. 52 

Plankton dynamics, however, are largely driven by climate [15], particularly at the regional scale which is the focus of 53 

the MSFD. Consequently, both climate variability and anthropogenic climate change can cause widespread changes 54 

in the plankton [16] which are likely to manifest through changes in plankton indicators. The MSFD [8] refers to 55 

these drivers of change as ‘prevailing conditions’ and mandates that “the quality and occurrence of habitats and the 56 

distribution and abundance of species are in line with prevailing physiographic, geographic and climatic conditions”. 57 

Changes in the plankton driven by climate change and environmental variability, therefore, would be considered in 58 

line with Good Environmental Status, with no management impetus through the MSFD.  59 

Because plankton are sensitive to changes in climatic and physical oceanographic conditions however, and have 60 

been shown to amplify weak climatic signals [17], they can be useful indicators for large scale changes in prevailing 61 

conditions. For example, indicators of variability in volume of Atlantic inflow into the North Sea,  a key forcing 62 

variable for the North Sea ecosystem, can be derived from zooplankton communities [18]. Furthermore, due to the 63 

key role of phytoplankton as primary producers in the marine food web, and the key role of zooplankton as prey for 64 

higher trophic levels such as fish, climate-induced changes in plankton themselves may be considered as prevailing 65 

conditions for other biodiversity components [19]. In this way, in addition to their use in directly assessing for Good 66 

Environmental Status, plankton indicators can also be considered surveillance indicators, reflecting change in 67 

prevailing conditions that can aid in the interpretation of formal biodiversity indicator assessments. Plankton 68 

indicators can therefore have an additional ‘surveillance role’ even when the plankton indicator changes are not 69 

linked to direct anthropogenic pressures.  70 

The surveillance role of plankton indicators is not limited to the formally assessed MSFD plankton indicators 71 

however, and can extend to the wider climate change trends identified from time-series datasets that aren’t 72 

formally assessed within the MSFD. For example a trend for the replacement of Calanus finmarchicus by its 73 
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congeneric warmer-water species Calanus helgolandicus was identified in the North Atlantic and is an indicator of 74 

climate change [20]. Similarly, changes in the phenology of phytoplankton bloom dynamics, linked to the efficiency 75 

of energy transfer from phytoplankton to higher trophic levels, have been identified and attributed to climate 76 

change [21]. These trends are not formally assessed within the MSFD, but are derived from the same time-series 77 

datasets as the assessed MSFD plankton indicators, providing useful supplementary information with no additional 78 

monitoring effort.  79 

Here, the surveillance indicator framework presented by Shephard, Greenstreet, Piet, Rindorf and Dickey-Collas [12] 80 

is used to demonstrate the utility of plankton indicators in the surveillance role of informing on changing prevailing 81 

conditions. This framework illustrates how surveillance indicators can add contextual information to formal state 82 

indicator assessments within the MSFD, aiding in assessment interpretation. Specifically, here the contextual 83 

information gained from the surveillance of plankton indicators is classified as  ‘diagnostic’, which helps diagnose the 84 

drivers of changes within the ecosystem, and ‘strategic’ which aids in setting targets and management measures for 85 

Good Environmental Status.  86 

 

1.1 The surveillance indicator framework 87 

The surveillance indicator framework described by Shephard et al. (2015) provides a conceptual tool for integrating 88 

changes in prevailing conditions into the formal biodiversity indicator assessment process. Due to their lack of clear 89 

pressure-state relationships, surveillance indicators cannot follow directly an Activity-Pressure-State-Response 90 

framework. Therefore, Shephard et al. modified the traditional APSR framework to include surveillance indicators 91 

(Figure 1). A key feature of their surveillance indicator framework is that there are no GES targets for surveillance 92 

indicators. Instead, when a surveillance indicator moves outside of a defined bound, new research is triggered as the 93 

potential implication of this indicator change may not be clear. This research focuses on addressing whether the 94 

change in surveillance indicators means that the targets and management measures for associated assessed 95 

indicators need to be re-evaluated. Precautionary management may be implemented as a result of surveillance 96 

indicator change, in respect to the management responses to changes in associated formally assessed indicators. 97 
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Figure 1. The ‘surveillance indicator’ framework used here. Diagram adapted from Shephard, Greenstreet, Piet, 98 

Rindorf and Dickey-Collas [12]. Assessed indicator (blue) change is detected. If indicator moves to being not in GES 99 

(NGES), a management measure is considered, based on the pressure-state relationship of the assessed indicator 100 

with a direct pressure. Surveillance indicators (red, bottom) are monitored simultaneously to the assessed indicator, 101 

and surveillance indicator change is detected when the surveillance indicator moves out of predefined bounds (not 102 

within bounds: NWB). This surveillance indicator change triggers research targeted at the pressure-state 103 

relationships and GES targets of associated assessed indicators (blue, top).  104 

When applying plankton to this surveillance indicator framework, time-series data can be used for setting 105 

surveillance bounds [12, 22], for example based on past ranges of indicator values, or using past variability to 106 

categorize different magnitudes of change . This is because long term time-series aid in contextualising any indicator 107 

changes identified, in terms of the indicated changes in prevailing conditions. An example is the use of time-series 108 

data in the detection of regime shifts, such as the 1980s climate-driven regime shift detected in Continuous Plankton 109 

Recorder survey data that caused widespread changes in both phytoplankton and zooplankton 110 

communities ,coinciding with changes across the wider food web [23-25]. Time series data can also aid in identifying 111 

whether observed changes are the continuation of longer term trends by identifying any existing trajectories of 112 

indicator change [26]. 113 
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Often, however, the strength of coupling between hydro-climatic variation, plankton, and other food web 114 

components may not be clear and instead obscured by natural variability. Thus, covariation between a plankton 115 

indicator and assessed indicators at higher trophic levels would not be sufficient to trigger precautionary 116 

management alone within the framework. Furthermore, the use of correlations to derive links between 117 

environmental variation and higher trophic levels has been criticised [27]. Instead, within the framework, any 118 

covariation identified would highlight questions that could be considered when interpreting the results of formal 119 

state indicator assessments, often requiring further research and analysis. Examples of how information on 120 

prevailing conditions gained through plankton surveillance provides evidence for the interpretation of formal 121 

biodiversity indicator assessments are given below.  122 

2 Diagnostic role in identifying drivers of change in formally assessed biodiversity indicators 123 

A key challenge in assessing any biodiversity state indicator within the Marine Strategy Framework Directive is in the 124 

attribution of observed indicator changes to either direct anthropogenic pressure or prevailing conditions [28], thus 125 

‘diagnosing’ the cause of indicator change (Figure 2) [29]. Within pelagic habitats, it is established that an 126 

understanding of climate-driven plankton trends is essential for disentangling any effect of direct pressures from 127 

wider climatic influences [30]. For example, an indicator for phytoplankton community structure using functional 128 

groups is formally assessed at the OSPAR level [31] . This indicator may reveal changes in phytoplankton community 129 

structure as a result of human pressures, such as, for example, the effects of anthropogenic nutrient loading altering 130 

the proportions of dinoflagellates and diatoms within phytoplankton communities [14]. Phytoplankton community 131 

structure, however, is also influenced by climate. For example, the CPR survey reveals multi-decadal range changes 132 

in multiple phytoplankton taxa in response to climate change. These responses to climate are not uniform across 133 

taxa, with some taxa tracking northward movements of thermoclines closer than others, causing restructuring of 134 

phytoplankton communities [32]. Understanding the climate contribution to changes in plankton communities, 135 

therefore, helps diagnose the drivers of change in the assessed MSFD plankton indicators (Fig 3A).  136 

As well as performing this diagnostic role in the interpretation of formally assessed pelagic habitat indicators 137 

however, plankton surveillance information can also be useful for interpreting changes in assessed indicators within 138 

other habitats and trophic levels. Similarly to plankton, MSFD indicators from these other components may be 139 
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driven by both direct anthropogenic pressures as well as changes in prevailing conditions, requiring a degree of 140 

attribution of the different drivers when interpreting indicator change. Plankton indicator surveillance could inform 141 

on changes in prevailing conditions affecting these assessed indicators, and therefore help diagnose when changes 142 

are not driven by direct anthropogenic pressures alone.  For example, under the MSFD, benthic habitat condition is 143 

assessed at the OSPAR level for the ‘Biodiversity’ and ‘Seafloor integrity’ descriptors [33]. Multi-metric indices are 144 

used to compare the condition of benthic habitat communities over intensity gradients of different anthropogenic 145 

pressures, resulting from a range of human activities including bottom-trawling and sediment extraction allowing for 146 

the determination of the degree to which the pressures causes change in benthic condition [33].   147 

Benthic communities, however, are also impacted by large scale climate variability, and regime shifts detected in 148 

plankton communities have coincided with changes in the benthos [34]. Changes in the abundance of the larval 149 

stages of different benthic invertebrate groups (meroplankton) in relation to climate have also been detected from 150 

plankton time-series surveys [35]. Furthermore, particularly in coastal regions, there is often tight benthic-pelagic 151 

coupling as phytoplankton production is the main source of organic supply to benthic faunal communities [36]. 152 

Phytoplankton bloom dynamics may therefore control benthic community structure by influencing food availability 153 

and levels of environmental hypoxia [37]. Clare, Spencer, Robinson and Frid [38] showed that abrupt shifts in the 154 

temporal trends of large and long-lived taxa within a benthic community time-series were attributed to increased 155 

detrital input from pelagic primary production. Increasing frequency of Harmful Algal Bloom events as a result of 156 

climate change [39, 40] may also influence benthic communities through selectively impacting both larval and post-157 

larval survival of benthic invertebrates [41] .  As the MSFD benthic condition assessment is based on quantifying 158 

pressure state relationships, changes in benthic state indicators influenced by changes in prevailing conditions may 159 

result in the influence of direct pressures being misinterpreted [42]. The surveillance of plankton indicators including 160 

bulk primary productivity and HAB dynamics (Fig 3B), can therefore aid in the interpretation of the assessment of 161 

benthic habitat condition. 162 

 

 



8 
 
 

 

 

Figure 2. Schematic diagram of the diagnostic role for plankton surveillance information. Change in the state of a 

formally assessed biodiversity state indicator can be influenced by both direct anthropogenic pressures and prevailing 

conditions. Plankton surveillance can aid in understanding the relative influence of prevailing conditions. 

 

 

 

Figure 3. Examples of the diagnostic role of plankton surveillance information in MSFD implementation using the 163 

surveillance indicator framework from Shephard, Greenstreet, Piet, Rindorf and Dickey-Collas [12]. A) The role of 164 

plankton surveillance information in diagnosing drivers of change in pelagic habitat MSFD indicators. Here, range 165 



9 
 
shift indicators (bottom, red) trigger research targeted at the pressure-state relationship between phytoplankton GES 166 

indicator and eutrophication pressure (top, blue)- ‘Is change in plankton GES indicator driven by climate induced 167 

range shifts?’ B) The potential role of plankton surveillance information in diagnosing the drivers of change in 168 

assessed indicators within other habitats and ecosystem components. Here, surveillance of phytoplankton indicators 169 

(red), trigger research targeted at the benthic pressure-state relationship, and therefore assessment of GES, between 170 

benthic community composition and anthropogenic benthic disturbance (blue)- ‘Is change in benthic condition 171 

indicator influenced by climate?’ 172 

 

3 Strategic role in influencing targets and management measures for formally assessed biodiversity 173 

indicators 174 

 

In addition to diagnosing the drivers of change in MSFD biodiversity indicators during formal assessments, plankton 175 

surveillance information could contribute to the determination of GES targets (Figure 4). For example, an indicator 176 

for recovery in the population abundance of sensitive fish species has been developed for formal assessment at the 177 

OSPAR level [43]. However, the influence of changing prevailing oceanographic conditions on population growth is 178 

required to determine the scope for population recovery [43]. Changes in plankton indicators can track trends in 179 

physical oceanographic conditions that may affect recovery, and changes in plankton community composition and 180 

phenology may affect fish recruitment independently of the size of the spawning stock biomass [44]. For example, 181 

directly after the 1980s plankton regime shift North Sea cod populations fell to historically low levels and showed 182 

weak signs of recovery [45]. Furthermore, a regime shift that occurred in the North Sea in the early 2000s was 183 

suggested as the leading candidate mechanism to explain the low herring recruitment observed between 2002 and 184 

2007, with plankton shifts providing more explanatory power than the effects of physical variables alone [46]. 185 

Although the linking of fish recruitment dynamics to environmental variability is challenging [47], surveillance of 186 

plankton indicators  provides information on any influence of plankton on fish recovery potential [48]. 187 

The method for assessing GES in respect to fish population recovery is outlined by [49]. First, targets for a given 188 

indicator are set at the individual species level, based on the indicator metric falling in the upper 25 percentile of all 189 

values in the species’ reference period. These species-level indicator assessments are then aggregated to the 190 
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community level by comparing the number of different species achieving their target for the given indicator. 191 

Therefore, changes in prevailing conditions that affect the recovery potential of stocks, despite a reduction in 192 

anthropogenic pressure, may mean the GES targets may no longer be realistic. Instead, the permitted range in which 193 

individual species metrics can fall may need to be increased, or the number of species required to be in GES at the 194 

community level may need to be reduced [50]. In this way, plankton indicator surveillance can contribute to the 195 

setting of realistic targets for the assessment of fish state indicators [51] (Figure 5A).   196 

As well as affecting the feasibility of reaching a specified state target, changes in prevailing conditions detected 197 

through plankton surveillance may alter the sensitivity of an ecosystem component to a specified anthropogenic 198 

pressure, thus affecting the amount of pressure that will cause an assessed biodiversity indicator to move away from 199 

Good Environmental Status. (Figure 4)For example, indicators of seabird population size and breeding success are 200 

formally assessed at the OSPAR level within the MSFD [52, 53]and are useful indicators of the food web 201 

repercussions of direct pressures targeted at the lower levels of the food web, such as fishing pressure on forage fish 202 

prey [54, 55]. For effective ecosystem-based management, management of forage fish exploitation must account for 203 

the need to sustain top predators and as forage fish biomass and productivity is highly variable, the setting of 204 

acceptable fishing levels must remain adaptive [56, 57]. With a reduction in the recruitment success of key forage 205 

fish species such as sandeel predicted under climate change [58], reducing fishing pressure on forage fish through 206 

precautionary management measures may be needed to maintain Good Environmental Status of seabirds under 207 

future climate conditions [59].  208 

Forage fish abundance and growth has been linked to phytoplankton production [60] and zooplankton community 209 

composition through changes in the distribution of copepods indicating both changes in physical oceanographic 210 

conditions and influencing recruitment and growth [61 {Clausen, 2017 #333]}. There can also be direct trophic links 211 

between zooplankton and seabirds, especially in the non-breeding season [62, 63]. In these ways, climate-driven 212 

plankton shifts may place an additional ‘unmanageable’ pressure on seabirds, influencing the outcome of seabird 213 

state indicator assessments, and could therefore indicate relevant prevailing conditions when setting management 214 

measures (Fig. 5B). Within MSFD assessment cycles, management of direct pressures could be altered to take into 215 

account trends in climatic (non-manageable) drivers [64], informed by plankton surveillance. In this way, although 216 

the drivers of climate induced changes cannot be addressed by the MSFD, adaptive management of direct pressures 217 
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could increase the likelihood of an indicator remaining in Good Environmental Status in relation to manageable 218 

pressures, as well as help increase the resilience of the ecosystem component to climate change [65-67].  219 

 

 

 

 

 

 

 

Figure 4.  Schematic diagram of the ‘strategic’ role for plankton surveillance information. Targets, and associated 

management measures for a formally assessed state indicator can be adapted to changing prevailing conditions. 

Plantkon surveillance information can inform appropriate target setting and management measures.  
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Figure 5. Examples of the strategic role of plankton surveillance information in MSFD implementation using the 220 

surveillance indicator framework from Shephard, Greenstreet, Piet, Rindorf and Dickey-Collas [12]. A) The potential 221 

role of plankton surveillance information in setting targets for other components and descriptors. Here, plankton 222 

indicator surveillance (red) triggers research around the target representing GES for the recovery of sensitive fish 223 

communities (blue)- ‘Is the current GES target still achievable under the new climate conditions?’ .This research could 224 

lead to the adjustment of GES state targets. B) The potential role of plankton surveillance information in influencing 225 

the programme of measures. Here, plankton indicator changes linked to prevailing conditions (bottom, red) trigger 226 

research targeted at the pressure-state relationship between forage fish fisheries and seabird breeding success (top, 227 

blue)- ‘Is the current threshold level of fishing still sustainable, considering the changed prey landscape?’ This 228 

research could lead to more precautionary management measures being implemented.  229 

4 Summary and conclusions 230 
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In this paper, we have illustrated a surveillance role of plankton indicators within the Marine Strategy Framework 231 

Directive in addition to their primary role in formally assessing pelagic habitats for influences of direct anthropogenic 232 

pressures. Plankton indicators are useful early-warning indicators of physical hydro-climatic changes and can 233 

therefore inform on changes in the underlying prevailing conditions in which MSFD biodiversity indicators are 234 

formally assessed. Furthermore, changes in plankton can be important prevailing conditions to consider themselves. 235 

The importance of including biotic ecosystem drivers, such as changes in plankton, within marine monitoring 236 

programmes has been acknowledged by the Framework for Ocean Observing (FOO) with the development of 237 

‘ecosystem Essential Ocean Variables (eEOVs)’, which are defined biological or ecological quantities derived from 238 

field observations [68]. The surveillance indicator framework presented by Shephard, Greenstreet, Piet, Rindorf and 239 

Dickey-Collas [12], is a useful tool in translating this established monitoring need into the MSFD implementation 240 

process.  241 

This surveillance of plankton indicators provides two, newly-defined, types of contextual information for the 242 

assessment of biodiversity within the MSFD. ‘Diagnostic’ plankton surveillance information can help disentangle the 243 

influence of direct anthropogenic pressure from the influence of prevailing conditions, both within pelagic habitats, 244 

and within other habitats and ecosystem components. On the other hand, plankton surveillance information can 245 

have a ‘strategic’ role by indicating when the climate influence on the ecosystem may mean targets and 246 

management measures need to be altered. Due to the highly variable nature of coupling between changes in the 247 

plankton and changes in the wider marine ecosystem, both diagnostic and strategic roles of plankton surveillance 248 

information are based on the triggering of targeted research questions for consideration during assessments, 249 

following the observation of a change in plankton indicators and the detection of trends, thereby making an 250 

important evidence contribution to allow the implementation of the MSFD to be adaptive under climate change [69]. 251 

Currently, changes in plankton communities linked to climate are considered as being aligned with Good 252 

Environmental Status, as the changes are linked to natural variations or exogenous pressures. Limiting the 253 

application of these climate-driven indicator changes in this way however, is not using monitoring effort efficiently, 254 

when plankton indicators are also useful in a wider surveillance role. Progressing this surveillance role for plankton 255 

indicators requires further work on understanding ecosystem interactions between plankton and other formally 256 

assessed biodiversity components, as well as the consequences of changes in climatic and oceanographic conditions 257 
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on both plankton indicators and the wider foodweb. This in turn requires further collaboration between scientists 258 

working on these different components. Ultimately, the maintenance of long-term plankton time series therefore 259 

has multiple applications for ecosystem-based management of European seas within the Marine Strategy 260 

Framework Directive.  261 

 262 

 263 

Acknowledgements: 264 

Thanks go to Mark Dickey-Collas for valuable insight and advice in the development of the manuscript. 265 

Funding sources: 266 

A.M-G was supported by the UK Natural Environmental Research Council Knowledge Exchange fellowship scheme 267 

(NE/L002663/1). 268 

 

 

References 269 

 270 

 271 

[1] S. Jennings, J. Rice, Towards an ecosystem approach to fisheries in Europe: a perspective on existing 272 
progress and future directions, Fish and Fisheries 12(2) (2011) 125-137. 273 
[2] S.E. Apitz, M. Elliott, M. Fountain, T.S. Galloway, European environmental management: moving to an 274 
ecosystem approach, Integrated environmental assessment and management 2(1) (2006) 80-85. 275 
[3] P.S. Levin, C. Mollmann, Marine ecosystem regime shifts: challenges and opportunities for ecosystem-276 
based management, Philosophical Transactions of the Royal Society B: Biological Sciences 370(1659) 277 
(2014) 20130275-20130275. 278 
[4] P. Tett, R.J. Gowen, S.J. Painting, M. Elliott, R. Forster, D.K. Mills, E. Bresnan, E. Capuzzo, T.F. 279 
Fernandes, J. Foden, R.J. Geider, L.C. Gilpin, M. Huxham, A.L. McQuatters-Gollop, S.J. Malcolm, S. Saux-280 
Picart, T. Platt, M.F. Racault, S. Sathyendranath, J. van der Molen, M. Wilkinson, Framework for 281 
understanding marine ecosystem health, Marine Ecology Progress Series 494 (2013) 1-27. 282 



15 
 
[5] S. Broszeit, N.J. Beaumont, M.C. Uyarra, A.-S. Heiskanen, M. Frost, P.J. Somerfield, A.G. Rossberg, H. 283 
Teixeira, M.C. Austen, What can indicators of good environmental status tell us about ecosystem 284 
services?: Reducing efforts and increasing cost-effectiveness by reapplying biodiversity indicator data, 285 
Ecological Indicators 81 (2017) 409-442. 286 
[6] P.S. Levin, M.J. Fogarty, S.A. Murawski, D. Fluharty, Integrated ecosystem assessments: developing 287 
the scientific basis for ecosystem-based management of the ocean, PLoS biology 7(1) (2009) e1000014. 288 
[7] Y.M. Walther, C. Möllmann, Bringing integrated ecosystem assessments to real life: a scientific 289 
framework for ICES, ICES Journal of Marine Science 71(5) (2013) 1183-1186. 290 
[8] European Commission, Marine Strategy Framework Directive 2008/56/EC, European Commission  291 
(2008). 292 
[9] A. Borja, M. Elliott, J.H. Andersen, A.C. Cardoso, J. Carstensen, J.G. Ferreira, A.-S. Heiskanen, J.C. 293 
Marques, J.M. Neto, H. Teixeira, Good Environmental Status of marine ecosystems: What is it and how do 294 
we know when we have attained it?, Marine Pollution Bulletin 76(1) (2013) 16-27. 295 
[10] J.C. Rice, M.-J. Rochet, A framework for selecting a suite of indicators for fisheries management, ICES 296 
Journal of Marine Science: Journal du Conseil 62(3) (2005) 516-527. 297 
[11] M.-J. Rochet, V.M. Trenkel, Which community indicators can measure the impact of fishing? A review 298 
and proposals, Canadian Journal of Fisheries and Aquatic Sciences 60(1) (2003) 86-99. 299 
[12] S. Shephard, S.P.R. Greenstreet, G.J. Piet, A. Rindorf, M. Dickey-Collas, Surveillance indicators and 300 
their use in implementation of the Marine Strategy Framework Directive, ICES Journal of Marine Science: 301 
Journal du Conseil 72(8) (2015) 2269-2277. 302 
[13] A. McQuatters-Gollop, D.G. Johns, E. Bresnan, J. Skinner, I. Rombouts, R. Stern, A. Aubert, M. 303 
Johansen, J. Bedford, A. Knights, From microscope to management: The critical value of plankton 304 
taxonomy to marine policy and biodiversity conservation, Marine Policy 83 (2017) 1-10. 305 
[14] A. McQuatters-Gollop, A.J. Gilbert, L.D. Mee, J.E. Vermaat, Y. Artioli, C. Humborg, F. Wulff, How well 306 
do ecosystem indicators communicate the effects of anthropogenic eutrophication?, Estuarine, Coastal and 307 
Shelf Science 82(4) (2009) 583-596. 308 
[15] L. Zhai, T. Platt, C. Tang, S. Sathyendranath, A. Walne, The response of phytoplankton to climate 309 
variability associated with the North Atlantic Oscillation, Deep Sea Research Part II: Topical Studies in 310 
Oceanography 93 (2013) 159-168. 311 
[16] G.C. Hays, A.J. Richardson, C. Robinson, Climate change and marine plankton, Trends in ecology & 312 
evolution 20(6) (2005) 337-344. 313 
[17] A.H. Taylor, J.I. Allen, P.A. Clark, Extraction of a weak climatic signal by an ecosystem, Nature 314 
416(6881) (2002) 629-632. 315 
[18] P.C. Reid, M. Edwards, G. Beaugrand, M. Skogen, D. Stevens, Periodic changes in the zooplankton of 316 
the North Sea during the twentieth century linked to oceanic inflow, Fisheries Oceanography 12(4-5) (2003) 317 
260-269. 318 
[19] K.F. Drinkwater, G. Beaugrand, M. Kaeriyama, S. Kim, G. Ottersen, R.I. Perry, H.-O. Pörtner, J.J. 319 
Polovina, A. Takasuka, On the processes linking climate to ecosystem changes, Journal of Marine Systems 320 
79(3) (2010) 374-388. 321 
[20] P. Helaouët, G. Beaugrand, Macroecology of Calanus finmarchicus and C. helgolandicus in the North 322 
Atlantic Ocean and adjacent seas, Marine Ecology Progress Series 345 (2007) 147-165. 323 
[21] M. Edwards, A.J. Richardson, Impact of climate change on marine pelagic phenology and trophic 324 
mismatch, Nature 430(7002) (2004) 881-884. 325 
[22] W.N. Probst, V. Stelzenmüller, A benchmarking and assessment framework to operationalise 326 
ecological indicators based on time series analysis, Ecological Indicators 55 (2015) 94-106. 327 
[23] M. Lindegren, V. Dakos, J.P. Groeger, A. Gårdmark, G. Kornilovs, S.A. Otto, C. Möllmann, Early 328 
detection of ecosystem regime shifts: a multiple method evaluation for management application, PLoS One 329 
7(7) (2012) e38410. 330 
[24] J.P. Gröger, M. Missong, R.A. Rountree, Analyses of interventions and structural breaks in marine and 331 
fisheries time series: Detection of shifts using iterative methods, Ecological indicators 11(5) (2011) 1084-332 
1092. 333 
[25] P.C. Reid, R.E. Hari, G. Beaugrand, D.M. Livingstone, C. Marty, D. Straile, J. Barichivich, E. 334 
Goberville, R. Adrian, Y. Aono, R. Brown, J. Foster, P. Groisman, P. Hélaouët, H.-H. Hsu, R. Kirby, J. 335 
Knight, A. Kraberg, J. Li, T.-T. Lo, R.B. Myneni, R.P. North, J.A. Pounds, T. Sparks, R. Stübi, Y. Tian, K.H. 336 
Wiltshire, D. Xiao, Z. Zhu, Global impacts of the 1980s regime shift, Global Change Biology  (2015) n/a-n/a. 337 
[26] E. Gorokhova, M. Lehtiniemi, L. Postel, G. Rubene, C. Amid, J. Lesutiene, L. Uusitalo, S. Strake, N. 338 
Demereckiene, Indicator properties of Baltic Zooplankton for classification of environmental status within 339 
Marine Strategy Framework Directive, PloS one 11(7) (2016) e0158326. 340 



16 
 
[27] M. Dickey-Collas, M.R. Payne, V.M. Trenkel, R.D. Nash, Hazard warning: model misuse ahead, ICES 341 
Journal of Marine Science: Journal du Conseil 71(8) (2014) 2300-2306. 342 
[28] A. McQuatters-Gollop, Challenges for implementing the Marine Strategy Framework Directive in a 343 
climate of macroecological change, Philos Trans A Math Phys Eng Sci 370(1980) (2012) 5636-55. 344 
[29] N.J. Hardman-Mountford, J.I. Allen, M.T. Frost, S.J. Hawkins, M.A. Kendall, N. Mieszkowska, K.A. 345 
Richardson, P.J. Somerfield, Diagnostic monitoring of a changing environment: An alternative UK 346 
perspective, Marine Pollution Bulletin 50(12) (2005) 1463-1471. 347 
[30] A. McQuatters-Gollop, M. Edwards, P. Helaouët, D.G. Johns, N.J.P. Owens, D.E. Raitsos, D. 348 
Schroeder, J. Skinner, R.F. Stern, The Continuous Plankton Recorder survey: How can long-term 349 
phytoplankton datasets contribute to the assessment of Good Environmental Status?, Estuarine, Coastal 350 
and Shelf Science 162 (2015) 88-97. 351 
[31] OSPAR, Changes in Phytoplankton and Zooplankton Communities., Intermediate Assessment 2017. 352 
Available at:  https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017  (2017). 353 
[32] W.J. Chivers, A.W. Walne, G.C. Hays, Mismatch between marine plankton range movements and the 354 
velocity of climate change, Nature Communications 8 (2017) 14434. 355 
[33] OSPAR, Condition of Benthic Habitat Defining Communities Intermediate Assessment 2017. Available 356 
at: https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017(2017). 357 

[34] S.N. Birchenough, H. Reiss, S. Degraer, N. Mieszkowska, Á. Borja, L. Buhl‐Mortensen, U. 358 
Braeckman, J. Craeymeersch, I. De Mesel, F. Kerckhof, Climate change and marine benthos: a review of 359 
existing research and future directions in the North Atlantic, Wiley Interdisciplinary Reviews: Climate 360 
Change 6(2) (2015) 203-223. 361 
[35] R.R. Kirby, G. Beaugrand, J.A. Lindley, Climate-induced effects on the meroplankton and the benthic-362 
pelagic ecology of the North Sea, Limnology and Oceanography 53(5) (2008) 1805. 363 
[36] J.R. Griffiths, M. Kadin, F.J. Nascimento, T. Tamelander, A. Törnroos, S. Bonaglia, E. Bonsdorff, V. 364 
Brüchert, A. Gårdmark, M. Järnström, The importance of benthic–pelagic coupling for marine ecosystem 365 
functioning in a changing world, Global Change Biology 23(6) (2017) 2179-2196. 366 
[37] Q. Zhang, R.M. Warwick, C.L. McNeill, C.E. Widdicombe, A. Sheehan, S. Widdicombe, An unusually 367 
large phytoplankton spring bloom drives rapid changes in benthic diversity and ecosystem function, 368 
Progress in Oceanography 137 (2015) 533-545. 369 
[38] D.S. Clare, M. Spencer, L.A. Robinson, C.L. Frid, Explaining ecological shifts: the roles of temperature 370 
and primary production in the long‐term dynamics of benthic faunal composition, Oikos  (2017). 371 
[39] M. Edwards, D. Johns, S. Leterme, E. Svendsen, A. Richardson, Regional climate change and harmful 372 
algal blooms in the northeast Atlantic, Limnology and oceanography 51(2) (2006) 820-829. 373 
[40] G.M. Hallegraeff, Ocean climate change, phytoplankton community responses, and harmful algal 374 
blooms: a formidable predictive challenge1, Journal of phycology 46(2) (2010) 220-235. 375 
[41] J. Grall, L. Chauvaud, Marine eutrophication and benthos: the need for new approaches and concepts, 376 
Global Change Biology 8(9) (2002) 813-830. 377 
[42] I. Kroncke, H. Reiss, Influence of macrofauna long-term natural variability on benthic indices used in 378 
ecological quality assessment, Marine Pollution Bulletin 60(1) (2010) 58-68. 379 
[43] OSPAR, Recovery in the Population Abundance of Sensitive Fish Species, Intermediate Assessment 380 
2017. Available at: https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017 381 

 (2017). 382 
[44] S. Lowerre‐Barbieri, G. DeCelles, P. Pepin, I.A. Catalán, B. Muhling, B. Erisman, S.X. Cadrin, J. Alós, 383 
A. Ospina‐Alvarez, M.M. Stachura, Reproductive resilience: a paradigm shift in understanding spawner‐384 
recruit systems in exploited marine fish, Fish and Fisheries  (2016). 385 
[45] M. Lindegren, R. Diekmann, C. Möllmann, Regime shifts, resilience and recovery of a cod stock, 386 
Marine Ecology Progress Series 402 (2010) 239-253. 387 
[46] M.R. Payne, E.M. Hatfield, M. Dickey-Collas, T. Falkenhaug, A. Gallego, J. Gröger, P. Licandro, M. 388 
Llope, P. Munk, C. Röckmann, Recruitment in a changing environment: the 2000s North Sea herring 389 
recruitment failure, ICES Journal of Marine Science: Journal du Conseil 66(2) (2009) 272-277. 390 
[47] P. Pepin, Reconsidering the impossible—linking environmental drivers to growth, mortality, and 391 
recruitment of fish 1, Canadian Journal of Fisheries and Aquatic Sciences 73(2) (2015) 205-215. 392 
[48] T. Platt, S. Sathyendranath, C. Fuentes-Yaco, Biological oceanography and fisheries management: 393 
perspective after 10 years, ICES Journal of Marine Science: Journal du Conseil 64(5) (2007) 863-869. 394 
[49] S.P. Greenstreet, A.G. Rossberg, C.J. Fox, W.J. Le Quesne, T. Blasdale, P. Boulcott, I. Mitchell, C. 395 
Millar, C.F. Moffat, Demersal fish biodiversity: species-level indicators and trends-based targets for the 396 

https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017
https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017
https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017


17 
 
Marine Strategy Framework Directive, ICES Journal of Marine Science: Journal du Conseil 69(10) (2012) 397 
1789-1801. 398 
[50] W.N. Probst, M. Kloppmann, G. Kraus, Indicator-based status assessment of commercial fish species 399 
in the North Sea according to the EU Marine Strategy Framework Directive (MSFD), ICES Journal of 400 
Marine Science: Journal du Conseil 70(3) (2013) 694-706. 401 
[51] A.J. Kenny, H.R. Skjoldal, G.H. Engelhard, P.J. Kershaw, J.B. Reid, An integrated approach for 402 
assessing the relative significance of human pressures and environmental forcing on the status of Large 403 
Marine Ecosystems, Progress in Oceanography 81(1) (2009) 132-148. 404 
[52] OSPAR, Marine Bird Abundance, Intermediate Assessment 2017. Available at: 405 
https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017 406 

 (2017). 407 
[53] OSPAR, Marine Bird Breeding Success or Failure, Intermediate Assessment 2017. Available at: 408 
https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017 409 

 (2017). 410 
[54] I. Rombouts, G. Beaugrand, X. Fizzala, F. Gaill, S.P.R. Greenstreet, S. Lamare, F. Le Loc’h, A. 411 
McQuatters-Gollop, B. Mialet, N. Niquil, J. Percelay, F. Renaud, A.G. Rossberg, J.P. Féral, Food web 412 
indicators under the Marine Strategy Framework Directive: From complexity to simplicity?, Ecological 413 
Indicators 29 (2013) 246-254. 414 
[55] J.C. Tam, J.S. Link, A.G. Rossberg, S.I. Rogers, P.S. Levin, M.-J. Rochet, A. Bundy, A. Belgrano, S. 415 
Libralato, M. Tomczak, Towards ecosystem-based management: identifying operational food-web 416 
indicators for marine ecosystems, ICES Journal of Marine Science  (2017) fsw230. 417 
[56] M. Dickey-Collas, G.H. Engelhard, A. Rindorf, K. Raab, S. Smout, G. Aarts, M. van Deurs, T. Brunel, 418 
A. Hoff, R.A. Lauerburg, Ecosystem-based management objectives for the North Sea: riding the forage fish 419 
rollercoaster, ICES Journal of Marine Science: Journal du Conseil  (2013) fst075. 420 
[57] A.S. Cook, D. Dadam, I. Mitchell, V.H. Ross-Smith, R.A. Robinson, Indicators of seabird reproductive 421 
performance demonstrate the impact of commercial fisheries on seabird populations in the North Sea, 422 
Ecological indicators 38 (2014) 1-11. 423 
[58] S.A. Arnott, G.D. Ruxton, Sandeel recruitment in the North Sea: demographic, climatic and trophic 424 
effects, Marine Ecology Progress Series 238 (2002) 199-210. 425 
[59] M. Carroll, A. Butler, E. Owen, S. Ewing, T. Cole, J. Green, L. Soanes, J. Arnould, S. Newton, J. Baer, 426 
Effects of sea temperature and stratification changes on seabird breeding success, Climate Research 66(1) 427 
(2015) 75-89. 428 
[60] K. Eliasen, J. Reinert, E. Gaard, B. Hansen, J.A. Jacobsen, P. Grønkjær, J.T. Christensen, Sandeel as 429 
a link between primary production and higher trophic levels on the Faroe shelf, Marine Ecology Progress 430 
Series 438 (2011) 185-194. 431 
[61] M. Frederiksen, T. Anker‐Nilssen, G. Beaugrand, S. Wanless, Climate, copepods and seabirds in the 432 
boreal Northeast Atlantic–current state and future outlook, Global Change Biology 19(2) (2013) 364-372. 433 
[62] M.J. Jessopp, M. Cronin, T.K. Doyle, M. Wilson, A. McQuatters-Gollop, S. Newton, R.A. Phillips, 434 
Transatlantic migration by post-breeding puffins: a strategy to exploit a temporarily abundant food 435 
resource?, Marine biology 160(10) (2013) 2755-2762. 436 
[63] T. Reiertsen, K.E. Erikstad, T. Anker-Nilssen, R. Barrett, T. Boulinier, M. Frederiksen, J. González-437 
Solís, D. Gremillet, D. Johns, B. Moe, Prey density in non-breeding areas affects adult survival of black-438 
legged kittiwakes Rissa tridactyla,  (2014). 439 
[64] M. Frost, G. Bayliss-Brown, P. Buckley, M. Cox, S.R. Dye, W.G. Sanderson, B. Stoker, N. Withers 440 
Harvey, A review of climate change and the implementation of marine biodiversity legislation in the United 441 
Kingdom, Aquatic Conservation: Marine and Freshwater Ecosystems  (2016) n/a-n/a. 442 
[65] M.M. Fuentes, L. Chambers, A. Chin, P. Dann, K. Dobbs, H. Marsh, E.S. Poloczanska, K. Maison, M. 443 
Turner, R.L. Pressey, Adaptive management of marine mega-fauna in a changing climate, Mitigation and 444 
Adaptation Strategies for Global Change 21(2) (2016) 209-224. 445 
[66] M.D. Morecroft, H.Q. Crick, S.J. Duffield, N.A. Macgregor, Resilience to climate change: translating 446 
principles into practice, Journal of Applied Ecology 49(3) (2012) 547-551. 447 
[67] P.E. Hulme, Adapting to climate change: is there scope for ecological management in the face of a 448 
global threat?, Journal of Applied ecology 42(5) (2005) 784-794. 449 
[68] A.J. Constable, D.P. Costa, O. Schofield, L. Newman, E.R. Urban, E.A. Fulton, J. Melbourne-Thomas, 450 
T. Ballerini, P.W. Boyd, A. Brandt, Developing priority variables (“ecosystem Essential Ocean Variables”—451 

https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017
https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017


18 
 
eEOVs) for observing dynamics and change in Southern Ocean ecosystems, Journal of Marine Systems 452 
161 (2016) 26-41. 453 
[69] T.P. Hughes, D.R. Bellwood, C. Folke, R.S. Steneck, J. Wilson, New paradigms for supporting the 454 
resilience of marine ecosystems, Trends in ecology & evolution 20(7) (2005) 380-386. 455 

 456 


