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Policy Relevant Summary 
This deliverable describes potential responses of marine ecosystems to combinations of 

climate and direct anthropogenic drivers. The policy driver for this work is the Marine 

Strategy Framework Directive (2008/56/EC) (MSFD) which requires member states to 

develop strategies to achieve a healthy marine environment and make ecosystems more 

resilient to climate change in all European marine waters by 2020 at the latest. The 

strategies must contain a detailed assessment of the state of the environment, a definition of 

"good environmental status" at regional level and the establishment of clear environmental 

targets and monitoring programmes. The MSFD also identifies a number of high level 

descriptors (e.g. biodiversity, commercial fish, eutrophication, foodwebs, pollution and 

invasive species) each of which has a defined set of indicators.  

In order to summarise the responsiveness marine ecosystems to the full range of MEECE 

drivers we have asked the MEECE scientists to provide their expert opinions on how 

response a system is in general to each driver on a scale 0 (no response) to 3 (highly 

responsive). The summary table (Table S1) combines these expert opinions, with a value 

judgement as to how confident they are in their views (red = low, yellow = medium, green = 

high), thus providing a systematic overview of the sensitivity of the marine ecosystem to key 

drivers in each region.  It should be noted that the quantitative and specific nature of the 

response on an individual scenarios basis is generally less certain. 
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Region 

 

Climate Drivers 

 

Anthropogenic Drivers 

 Air 

temp 

Wind 

stress 

High 

CO2 

Light Ocean 

Nutrient 

Supply 

Sea 

Ice 

loss 

Eutroph

-ication 

Pollution Fishing Invasiv

e 

species 

Global 

(1) 
2.0 2.0 1.0 3.0 NA 2.0 0.0 1.0 2.0 1.0 

Barents 

Sea (3) 
2.7 2.7 3.0 2.0 2.3 3.0 1.0 1.3 1.5 1.0 

Ne 

Atlantic 

(2) 

2.0 1.5 1.5 1.0 3.0 NA 1.0 2.0 2.0 1.0 

North 

Sea (4) 
1.5 1.5 1.8 1.7 2.5 NA 1.8 2.0 2.0 1.5 

Baltic 

Sea (3) 
1.7 2.7 2.3 1.3 0.3 1.7 3.0 3.0 2.0 1.5 

Bay of 

Biscay 

(1) 

3.0 2.0 NA 1.0 3.0 NA 2.0 NA 1.0 NA 

Black 

Sea (2) 
2.0 3.0 NA 2.5 NA NA 3.0 NA 3.0 2.5 

North 

Aegean 

(1) 

3.0 2.0 2.0 3.0 3.0 NA 3.0 2.0 3.0 NA 

Adriatic 

Sea  

(2) 

2.0 2.5 2.0 2.5 0.0 NA 3.0 2.0 2.5 2.5 

Benguela 

(3)  
3.0 3.0 2.7 2.5 3.0 NA NA NA 3.0 NA 

Table S1. The numbers in the table indicate the average view of a group of experts as to the 

sensitivity of the ecosystem in a particular region to a given driver; the scores range from 0 

(no response) to 3 (highly responsive). The confidence in these judgements expressed is 

colour coded as follows; red = low, yellow = medium, green = high.  NA indicates that the 

process was not considered in this region in MEECE. The number of responses for each 

region is given in the left hand column after the region name.  This table is discussed in 

more detail in Section 7 
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Climate Change (air temperature, wind stress, oceanic nutrient supply). The hydrodynamic 

models are able to provide useful information on D7 Hydrography (temperature, circulation 

and stratification) at a regional scale. This provides useful information on pelagic habitats 

(D1 Biodiversity in) terms of, for example, temperature, salinity, nutrients, stratification at 

regional scales. The consequence of changes in these habitats for GES remains an open 

question.  Changes in light and the transport of nutrients impacts on the phytoplankton and 

hence on the foodweb (D4 Foodwebs). However as we move up the foodweb, the 

implications of these changes become less clear. 

Acidification (high CO2) refers to increasing CO2 dissolved in seawater leading to the 

lowering of pH in the marine environment and impacts at all spatial scales.  On one hand 

increasing CO2 may lead to enhanced phytoplankton growth. On the other hand lowering of 

pH may have negative impacts on the health and reproduction of a wider range of marine 

organisms for example plankton, calcareous organisms and fish larvae. Currently the 

experimental evidence on impacts is often contradictory making it hard to predict what the 

future may bring. Currently models are able to provide useful information on the inorganic 

carbon cycle (e.g. pH, PCO2, aragonite saturation) at regional scales; this is hampered in 

coastal regions by the lack of knowledge of alkalinity sources. The knowledge of the 

ecological implications of change is currently limited, but improving.  

Eutrophication: Eutrophication (D5) results from the anthropogenic nutrient enrichment of 

the marine environment leading to a variety of outcomes including enhanced algal blooms, 

harmful algal blooms, de-oxygenation and mortality of benthic fauna. Coupled hydrodynamic 

ecosystem models can provide useful information of nutrient loads, and chlorophyll 

concentrations and in some cases low oxygen levels, but require the land derived sources to 

be well characterised. The consequences of change are well understood. The impact of 

eutrophication is generally a function of the hydrodynamic and light climates of the region in 

question; for example strongly stratified regions are more often prone to low oxygen 

environments while, highly turbid environments may mitigate the effects because there is not 

enough light for the phytoplankton to grow.  Enclosed and semi enclosed seas are 

particularly susceptible to eutrophication.  It should be noted that the simulated responses to 

eutrophication is susceptible to the choice of model, those with fix phytoplankton nutrient 

ratio have a tendency to amplify the impacts of increasing nutrients up the foodweb, while 

those with variable phytoplankton nutrient ratios tend not to.  In the future the impacts of 

eutrophication may be enhanced or mitigated by the effects of climate change, the combined 

effects varying from place to place and will need to be considered when developing future 

management strategies.   

Commercial Fishing (D3):  Fishing is one of the drivers with most the widespread and 

substantial impacts on marine ecosystems, particularly on the higher trophic levels.  It should 

be noted that these impacts often do not propagate down to the plankton, which is why the 

ósensitivity to fishingô scores in Table S1 are perhaps lower than they would be if only 

considering the response of fish and other higher trophic level animals.  It should also be 

noted that the sensitivities to fishing is very much a function of the particular species 
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targeted in a region. Direct economic interests and needs have motivated the development 

of management models and related research for decades. There are a wide range of models 

of commercial fisheries of varying skills which provide information on fish stocks as well as 

the wider fish community and their response to changes in fishing pressure at regional 

scales. In terms of fisheries impact the end to end models are required. Such end-to-end 

models combine hydrodynamics, nutrient-phytoplankton-zooplankton (NPZ), and higher 

trophic level (HTL) organisms, into a single modelling framework. Such models are currently 

in the proof of principle phase to show that such models can be developed and 

implemented.  

Foodwebs (D4): A key challenge is potential sensitivities of ecosystems to combinations of 

top down and bottom up control.  For example how the effects of fishing and climate 

propagate through a food web will depend to a large extent on which trophic level the climate 

and fishing forcing is specifically acting.  End-to-end models combine hydrodynamics, 

nutrient-phytoplankton-zooplankton (NPZ), and higher trophic level (HTL) organisms, into a 

single modelling framework which can be used to explore these responses. Such models 

have been developed in MEECE and used to show that forage fish are perhaps most 

vulnerable to both driverôs.  

Pollution (D8): This covers a wide range of compounds (>100,000) many of which are 

poorly characterised, particularly in terms of their ecological impacts. New compounds are 

constantly being developed so there are always unknowns. Similarly, the ecological 

implications of mixtures of compounds remain a topic of on-going research. If the source of a 

contaminant is well defined then models have the ability to trace its distribution at local and 

regional scales. The work in MEECE regarding pollution has focused on improving the 

knowledge base and modelling capabilities, these models are currently in the proof of 

principle phase.  In general the results indicate localised responses to high pollutant loads.  

Invasive Species (D2): Non-indigenous species (NIS) introduced by humans, both 

intentionally and un-intentionally, can have both significant ecological and economic impacts. 

Currently there are no modelling tools which can usefully predict invasion and colonisation 

by invasive species. This is partly due to lack of knowledge of the ecology of invasive 

species and is confounded by the fact that new species periodically appear so there are 

always unknowns. Bioclimatic envelope modelling can provide useful information on 

changes in the distribution of species whose habitat is well characterised.   

Summary of Regional Responses to Multiple Drivers (see D4.2 part 2 for details) 

NE Atlantic: Climate, Eutrophication and demersal trawling.  

For the northeast Atlantic, the coupled hydrodynamics-ecosystem model POLCOMS-

ERSEM was used to examine the relative sensitivity of the ecosystem to climate change and 

to anthropogenic change guided by policy.  The ecosystem response to the effects of climate 

change in the near future (2030-2040) and the far future (2082-2099) are explored. The 

sensitivity of the ecosystem to changes in multiple anthropogenic drivers (river nutrient and 

benthic trawling) in the near future was also studied, as is the impact of the anthropogenic 
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changes combined with the climate change signal. The Marine Strategy Framework 

Directive (MSFD) descriptors considered here are D1: biodiversity, D4: marine food webs 

and D5: eutrophication. For the marine food web and biodiversity descriptors we investigate 

changes in zoobenthos and large- and small-sized phytoplankton and zooplankton. For the 

eutrophication descriptor, changes in nutrient levels and net primary production are studied.  

 

The findings are summarized as follows: 

¶ In the northeast Atlantic, away from the European continental shelf, policies affecting 

river nutrient loads and benthic trawling effort have little impact on the ecosystem. 

Climate change effects dominate in this area. In the case considered here, these reduce 

net primary production and the biomass of zooplankton and small phytoplankton in the 

future. 

¶ On the continental shelf, the impact of climate change on net primary production and 

phytoplankton biomass may be mitigated to some extent by environmental policies that 

reduce river nutrient loads, particularly in near coastal regions. However, such 

environmental policies amplify the effects of climate change on the biomass of small 

zooplankton. 

¶ Policies that allow river nitrogen loads to increase in the absence of any increase in river 

phosphate loads have little impact on net primary production and phytoplankton and 

zooplankton biomass. 

¶ Reducing trawling effort in the North Sea leads to an increase in benthic biomass. 

However, climate change in the long term is expected to decrease the benthic biomass 

on the shelf, and therefore to counteract the effect of reducing the fishing effort. 

 

North Sea: Climate, Eutrophication and Fishing  

The major nutrient supply to the North Sea is via the inflow from the North Atlantic. In 

addition the rivers from seven bordering countries supply a substantial amount of nutrients to 

the coastal ecosystem, resulting in high nutrient concentrations especially along the 

Continental coast.  Climate impacts are projected to substantially decrease ecosystem 

productivity in the North Sea in 2030-2040 when compared with 1980-1999.  The water 

temperature is projected to increase (see D3.4) along with the potential for ocean 

acidification (decreasing pH). Additionally changes in river nutrient supply might exacerbate 

the climate effect. Here, we compared two scenarios for varying nutrient loads projected for 

2030-2040 and found that for this period climate impacts were projected to dominate over 

direct anthropogenic impacts in the North Sea. Due to the short projected period, it is 

expected  that the climate change signal is dominated by internal variability in the climate 

system.  

The wider effect of changes to the North Sea food web is necessarily a complex emergent 

property of the interactions of the many groups. In general though there are some broad 

conclusions about some of the trends that might be experienced as a result of changes in 

http://www.meece.eu/Deliv.html
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production: The highest trophic level species respond positively to less fishing and more 

nutrients, whereas the effects on demersal and flatfish are smaller. Moving to a Maximum 

Sustainable Yield (MSY) based fishing approach clearly benefits the fish that are fished less 

whilst their competitors may be adversely affected. In other words, the fishing quotas of 

some groups that are being fished sustainably now may have to be revisited as a result of 

changes in population of competitors and predators. Smaller pelagic fish are the óclosestô 

trophically speaking to the plankton whose levels may change and are likely to see the most 

dramatic effects of any deliberate or inadvertent change in plankton composition. 

Baltic Sea: Climate, Eutrophication and Fishing 

The dynamics of the Baltic Sea ecosystem are rather complex and impacted by the very 

limited exchange with the North Sea, the imbalance in the freshwater budget and the 

upwelling response to the atmospheric forcing.  This makes them quite sensitive to climate 

and hence, climate variability/change can affect the ecosystem in many different ways and 

on several time scales. Here we presented scenarios that account for short-term ecosystem 

response to atmospheric changes in the near future and for combined forcing from the 

interaction of policy related changes in the river nutrient supply and climate. The results 

indicate that both factors affect the Baltic Sea lower trophic level ecosystem dynamics with 

the same order of magnitude. Direct anthropogenic impacts accumulate in the Baltic Sea 

due to a long characteristic time scale and limited exchange with the North Sea and the 

North Atlantic. The Baltic Sea is thereby especially vulnerable to anthropogenic impacts and 

the importance of ecosystem relevant policies for the Baltic Sea is emphasized. 

In terms of higher trophic levels, the projected future environmental conditions clearly 

hamper successful cod recruitment. However the contrary is found for sprat. The fishing 

regime has no major effect on sprat biomass, instead, sprat spawning stock biomass is 

predicted to increase markedly and almost independently of the fishing regime.  

Bay of Biscay: Climate and Fishing 

In the Bay of Biscay, one of the main anthropogenic drivers for the pelagic ecosystem is 

fishing, which has direct impacts to mainly two MSFD descriptors of good environmental 

status: Exploited fish and shellfish (descriptor 3) and Food webs (descriptor 4). Thus, 

knowledge of how to change or maintain current fishing pressures over the main exploited 

species (anchovy, sardine, mackerel, horse mackerel, blue whiting and hake), under future 

climate scenarios, is important in order to assess the achievement of the good 

environmental status of the system agreed by the Directive, and to assess fish stocks. In this 

study, an ecosystem model ROMS-N2P2Z2D2-OSMOSE model has been applied to simulate 

the main commercial species in the Bay of Biscay under fishing pressures and climate 

scenarios at two different periods. The main conclusion from the simulations performed here 

is that fish total stock responds differently to the FMSY and Fpa scenarios following the 

simulated period (near past 1980-2000 or future 2010-2099), and thus following the plankton 

input prey fields. 

Black Sea: Climate, Eutrophication and Fishing  
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This study projects potential responses of the current Black Sea ecosystem to eutrophication 

in combination with climate change and therefore provides useful information for those 

concerned with mitigating and managing eutrophication in the Black Sea. Simulated 

chlorophyll concentrations are found to be a poor indicator of eutrophication, with 

zooplankton biomass found to be more responsive to changing nutrient loads. One 

interesting result of these simulations is that in two of scenarios considered (Global 

Community and Local Responsibility) the opportunistic and non-native heterotrophic 

dinoflaggelate Noctilua scintillans disappears from the simulations as nitrate concentrations 

become too low to sustain its food sources (flagellates, diatoms and microzooplankton). The 

models described in this work may be applied to predict changes in relative phytoplankton 

biomass, relative fish biomass, nutrient enrichment and frequency distribution of events such 

as phytoplankton blooms etc. corresponding to thresholds defined by the MSFD.   

North Aegean Sea: Climate, Eutrophication, Fishing and Pollution  

The sensitivity of the N. Aegean ecosystem future scenarios (Baseline, Global Community 

and Local Responsibility), with respect to eutrophication/river inputs, fisheries and 

pollution/copper were explored.  Under a warmer sea scenario, small phytoplankton cells 

(picophytoplankton) will become even more dominant in the autotrophic group while the 

heterotrophs to autotrophs ratio will increase. All three scenarios describe decreasing river 

phosphate loads, resulting in a similar decrease of plankton productivity in coastal areas, 

particularly Thermaikos gulf, where reductions in river loads were largest. The decrease in 

nutrient availability also affected phytoplankton composition, showing a relative decrease of 

dinoflagellates. The reduction in plankton biomass led to a decrease of total fish biomass in 

the baseline scenario. This decrease was counterbalanced by decreasing fishing mortality in 

ñglobal communityò and ñlocal responsibilityò scenarios that also affected the overall structure 

of the food web, showing an increase in the Mean Trophic Level and the small pelagic/large 

fish ratio. A similar, although weaker, counterbalance in the effect of decreasing plankton 

with decreasing fishing mortality and copper concentration was also simulated in ñGlobal 

communityò and ñLocal responsibilityò scenarios with the Anchovy IBM, being more sensitive 

to plankton productivity than the pollutant.  

Adriatic Sea: Climate, Eutrophication and Pollution.  

Large differences in the trophic state of the Adriatic Sea were driven by the reduction of the 

land based phosphate load occurred in the last two decade of the 20th century. The annually 

averaged chlorophyll profiles suggest how the reduction of the phosphate load from rivers 

determine an overall decrease of the phytoplankton pool at all depths (not only at the 

surface) and in all the basin sub-regions, indicating the shift of the Adriatic Sea towards 

more oligotrophic conditions. The lower trophic level dynamics of the basin are very sensitive 

to variation in the land-based nutrient load. It should be noted that the progressive warming 

of the Adriatic basin is effectively boosting primary production but at the same time all the 

respiration losses are concurrently enhanced, therefore providing a sort of compensating 

effect.  Finally an organic pollutant such as the herbicide terbuthylazine seems to have 
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minimal effect when considering the region as a whole. However, herbicide pollutants might 

have an important role in limited areas where the impact may be acute.  

Benguela upwelling: Climate and Fishing 

The impacts of a combination of climate and fishing pressure on the Benguela ecosystem 

have been explored for the period 2030-2040. The "Business as Usual" (BU: future climate 

scenario A1B+Fref) scenario seems to favour an overall increase of fish biomass (with the 

exception of silver kob), all the other fishing scenarios "Global Community" (GC: A1B+Fmsy) 

and "World Market" (WM: A1B+Fpa) cause fish biomass to decrease. These results are 

complemented by a sensitivity study of the biomass changes between adjacent trophic 

levels under several intensities of environmental and fishing pressure which allows us to 

assess the dominance of bottom-up versus top-down controls. In the scenarios examined 

here, the lower part of the food chain from phytoplankton to forage fish is dominantly driven 

by bottom-up control of upwelling-favourable winds. Top-down control dominates the 

relationship between top-predators and forage fish, the latter becoming the ñmeeting pointò 

of bottom-up and top-down controls. Consequently the low diversity of this highly abundant 

functional group could be the key to the functioning of the Benguela ecosystem, as it is 

affected by both climate and fishing. 

1. Introduction  
Marine ecosystems are vulnerable to both climatic (change and variability) and non-climatic 

(e.g. fishing, pollution, nutrient inputs) drivers which impact the physical, chemical, biological 

state of the marine environment and hence the functioning of its ecosystems. These in turn 

impact on the ability of the marine ecosystem to deliver key services, including 

biogeochemical cycles, biodiversity and fish production. This has consequences for 

economic activities and human welfare, encapsulated in environmental assessments, e.g. by 

the Intergovernmental Panel on Climate Change (IPCC), and policy, e.g. the Marine Strategy 

Frame Work Directive (MSFD) and the requirement to achieve and maintain Good 

Environmental Status (MSFD).  The interactions between drivers and the state of the marine 

ecosystem (driver-state interactions) are at the heart of this work; they are mediated by 

processes that act individually and in combination. This leads to the key question: are 

multiple stressor interactions with the ecosystem state, additive, synergistic or antagonistic? 

Understanding the processes that mediate the driver-state interactions is central to this 

issue. The drivers we specifically consider here are climate change, ocean acidification, 

eutrophication, fishing, pollution and alien invasive species all of which either singly or in 

combination can result in changes in biomass and trophic structure.   

An important goal of the MSFD is the development and implementation of conservation and 

management plans at the regional level. This includes defining regional ecosystem 

objectives each with a suite of indicators to achieve and maintain the good ecological status 

of these systems. To meet the aspirations of MSFD it is clear that we can no longer consider 

each driver in isolation; it is the integrative effects of several drivers which determine the 
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environmental status. The only tools we have which can address non-linear combinations of 

driver impacts in a dynamic environment are numerical simulation models which include 

dynamic feedbacks, the approach presented here. Our knowledge of driver impacts is 

currently limited to the climate envelope over which measurements have been made; the 

use of dynamic simulation models with feedbacks as performed in MEECE will allow us to 

assess driver impacts outside of the observed envelope. The overall goal of this work is to 

explore the combined impacts of climate and anthropogenic drivers on marine ecosystems. 

In the following analysis we synthesise two distinct sets of scenarios a) pure climate driven 

(WP3) and b) combined climate and anthropogenic driver (WP4).  The climate driven 

scenarios (WP3) consist of two classes of experiments using coupled physical-

biogeochemical-HTL models: re-analysis forced simulations and climate-scenario forced 

simulations. The objective of the former is to hindcast recent history using forcing 

constrained by observations (such as ERA-40 and NCEP). This provides reference 

simulations which can be verified against contemporary observations to give estimates of 

uncertainty in the models and feedback to development/parameter choice (WP2) and are 

reported in D3.4. The second class of model simulations are forced by global climate 

simulations, which are unconstrained by observations and represent ótypicalô conditions both 

in the past and under various atmospheric composition scenarios (here defined in IPCC-

AR4) and are reported in detail in D3.4. The computational expense of three-dimensional 

coupled hydrodynamic models required the use of ótime-sliceô experiments for specific 

periods. Simulations of the response of the marine ecosystem to direct anthropogenic stress 

in future climate change scenarios were undertaken in WP4.  The anthropogenic impacts 

considered were pollutant substances (e.g. copper, herbicides), eutrophication (land derived 

nutrient inputs), benthic disturbance by demersal trawling, fishing and the introduction of 

invasive alien species. Detailed reports of these simulations can be found in D4.1 (Hindcast 

simulations of isolated direct anthropogenic drivers) and in part 2 of this deliverable.  

http://www.meece.eu/Deliv.html
http://www.meece.eu/Deliv.html
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Figure 1. Framework of climate change effects on the amplification or attenuation of the 

trophic levels. 

 

The objective here is to present and compare, in a synthetic way, the ecosystem response to 

both combinations of drivers.  In this region-by-region comparison analysis, we apply a 

framework (Figure 1) to assess the processes of amplification and attenuation in the 

ecosystem response from lower to higher trophic levels as used in D3.4. In this approach, 

the response (i.e. fractional change) of a given trophic level to climate change is compared 

with the response of the immediately lower trophic level to the same driver. Thus, the 

domain can be split into four classes of trophic propagation: amplification, attenuation, 

proportional response and top down control; all classes having both a corresponding positive 

or negative case.  In addition we consider the relative bulk changes key metrics (e.g. SST, 

primary production, fish biomass) on a regional scale to explore the impacts of scenarios at 

a local scale.  Furthermore we apply non parametric multi-dimensional analysis to 

investigate the patterns and variability in marine ecosystem model outputs.  Finally we 

present an expert judgement assessment of the responses of each region to a range of 

drivers.  

2. Regional models used 
óEnd-to-endô models of marine ecosystems (e.g. de Young et al., 2004; Cury et al., 2008, see 

WP2) have been implemented for each region. End-to-end models try to represent the entire 

ecosystem by including all relevant processes in the system, from physics to biology, and 

plankton to fish. In essence, we have coupled three types of models:  
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1. a hydrodynamic model which is forced by both reanalysis data (for validation purposes) 

and a coupled ocean-atmosphere general circulation model (OAGCM) (for exploring the 

behaviour of the system under possible future climate change conditions), models used: 

POLCOMS (Proudman Oceanographic Laboratory Coastal Ocean Modelling System; 

Holt and James, 2001), NEMO (Nucelus for European Modelling of the Ocean; Madec, 

2008), ROMS (Regional Ocean Model System, Shchepetkin & McWilliams, 2005), POM 

(Princeton Ocean Model, Blumberg and Mellor, 1987);  

2. lower trophic level model (bacteria, phytoplankton and zooplankton) including 

biogeochemical cycling, models used: ERSEM (European Regional Seas Ecosystem 

Model; Blackford et al., 2004), PISCES (Pelagic Interaction Scheme for Carbon and 

Ecosystem Studies, Aumont and Bopp, 2006), NPZD (Nitrogen Phytoplankton 

Zooplankton Detritus, Franks et al., 2002), BioEBUS (Eastern Boundary Upwelling 

Systems is based on the NPZD model, Koné et al., 2005), BIMS-ECO (Oguz et al., 

2001), BFM (Biogeochemical Flux Model; Vichi et al., 2007), ECOSMO (ECOSystem 

Model, which is a coupled physical-biogeochemical model system (Schrum et al., 2006); 

NORWECOM.E2E (which is a coupled physical, chemical, and biological model system, 

Skogen et al., 1995). 

3. higher trophic level model (mainly fish species), models used: APECOSM (Apex 

Predators ECOSystem Model, Maury et al., 2007a,b), IBM (Individual Based Models, 

Grimm and Railsback, 2005), OSMOSE (Object-oriented Simulator of Marine 

ecOSystems Exploitation, a particular IBM, Shin and Cury, 2001), EwE (Ecopath with 

Ecosim, Christensen et al., 2005), SMS (Stochastic Multi Species model, Lewy and 

Vinther, 2004). 

Each region has been modelled independently and validated with present-day climate (Table 

1). 
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Table 1. Lower Trophic Level (LTL) and Higher Trophic Level (HTL) models used by each 

region. 

 LTL model HTL model 

Global NEMO-PISCES APECOSM 

NE Atlantic / N Sea POLCOMS-ERSEM, and 

ECOSMO 

IBM, and EwE 

Barents Sea NORWECOM.E2E, and 

ECOSMO 

IBM 

Baltic Sea ECOSMO SMS, and EwE 

Black Sea POM-BIMS-ECO EwE 

Bay of Biscay ROMS-NPZD, POLCOMS-

ERSEM 

OSMOSE 

Adriatic Sea POM-BFM  OSMOSE 

N Aegean Sea POM-ERSEM OSMOSE 

Benguela 

Upwelling 

ROMS-BIOEBUS OSMOSE 

3. Definition of common scenarios and metrics  
All regions have followed the common scenarios defined in D3.1 which stated some 

mandatory and optional scenarios to be performed. For the purpose of this synthesis work, 

which aims to compare regions and ecosystem response variables, unique common sets of 

scenario, model and time slice were selected: 

¶ Hindcast forced by ERA40 or NCEP re-analysis atmospheric forcing to explore 

present day variability and validate oceanographic models. Time slices are defined 

here specifically by the region and variable since it depends on the historic data 

availability. 

¶ Three IPSL-CM4 forced simulations (PD, BU and A1B) to explore the behaviour of 

the system under possible future climate change conditions. IPSL-CM4 run is a 

coupled atmosphere-ocean general circulation model (AO-GCM). The PD simulation 

is a simulation forced by either the IPSL-CM4 20C model or reanalysis for the 

Present Day period 1980-1999. The business as usual (BU) is a future climate 

scenario representative of possible conditions in 2030-2040. This time-slice was 

chosen to be closer to the policy relevant period.  A1B is a future climate scenario 

representative of possible conditions in 2080-2100 under a business as usual 

emissions scenario: SRES (Special Report on Emission Scenarios) A1B. In terms of 

GHGs emissions throughout the 21st century, A1B is a scenario at an intermediate 

http://www.meece.eu/documents/deliverables/WP3/D3.1.pdf
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level (850 ppm of CO2-eq concentrations in 2100). Specifically, we have used the 

difference between A1B (within 2080-2100) and PD (1980-2000) to assess climate 

change impacts at the end of the century. 

¶ The multiple driver scenarios combine both climate and anthropogenic drivers. To 

ensure policy relevance the climate scenario considers the BU (IPSL-CM4 A1B 

2030-2040) as a common climate scenario, with additional perturbations by 

anthropogenic drivers i.e., IPSL-CM4 A1B + SC1 world market (WM), IPSL-CM4 A1B 

+ SC2 global commons (GC)1 and IPSL-CM4 A1B + SC4 local responsibility (LR)2 

where 1 is N Sea, NE Atlantic, Baltic, Biscay, Benguela, Barents and 2 is Adriatic, N 

Aegean, Black Sea.  The scenarios run  are summarised in table 2, full details can be 

found in the regional multiple driver reports (D4.2 part 2) 

Table 2: Table of showing the scenarios combinations of drivers considered in D4.3 and the 

MEECE Atlas; A1B 2080-2100 time-slice, BU 2030-2040 time slice; GC global commons, 

WM world Market, LR local responsibility, C= climate, E = eutrophication, F = fishing, DF = 

demersal  fishing, P = pollution, NIS = Non Indigenous species 

Region Model A1B  BU GC WM LR 

Barents ECOSMO 

Norweco

m.E2E 

DARWIN 

C 

C 

 

C + NIS 

   - 

NE 

Atlantic 

POLCOM

S-

ERSEM 

C 

 

C 

 

C +E + 

DF  

C + E + 

DF 

 

- 

North 

Sea 

ECOSMO 

+EWE 

DARWIN 

C 

C 

C + NIS 

C 

C 

C 

C + E  

C +E + F 

C + E  

C +E + F 

- 

Baltic 

Sea 

ECOSMO 

+ SMS 

DARWIN 

C 

C + F 

C + NIS 

C C + E 

C + F 

C + E 

C + F 

- 

Adriatic 

Sea 

POM-

BFM 

 

DARWIN 

C 

 

C + NIS 

C 

C + P 

C + E - C + E 

N POM- C C C+E+F+P - C+E+F+P 
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Aegean ERSEM 

OSOMSE 

IBM 

 

Black 

Sea 

BIMS-

ECO 

EWE 

DARWIN 

C 

C 

C + NIS 

C 

C 

C+E - C+E 

Biscay ROMS 

NPZD 

OSMOSE 

C 

 

C 

  

 

C +F 

 

 

C + F 

- 

Benguela ROMS 

NPZD-

OSMOSE 

EWE 

C C C + F C + F  

 

For the common set of metrics (D3.2), we have selected a subset of those defined in D3.2 

as key and single metrics and model variables to define ocean climate and the ecosystem 

response to climate-change drivers. Thus, the metrics of temporal change between two 

periods (e.g. 2080-2100 relative to 1980-2000) were based upon:  

¶ Absolute difference (in the case of sea surface temperature or pH), 

¶ Fractional change, as (A1B(2080-2100)/Control(1980-2000))-1 (see Holt et al. 2012) (-1 to 0: 

decrease, positive values: increase).  

¶ Trend lines for hindcast validation and current environmental status. 

¶ For the temporal and spatial aggregation metrics, the followings have been selected: 

¶ Annual Mean (for maps) 

¶ Monthly mean (for changes in the seasonal cycle) 

A minimum set of common model variables, chosen to capture key elements of the ocean 

climate future (e.g. ocean warming, acidification) and ecosystem response (e.g. ocean 

production, eutrophication), were selected and applied in regions as comparable as possible. 

This selection process was based upon the work undertaken in D3.2, a review of variables 

and units most used in the literature, and open discussions during MEECE meetings (held in 

Faro in February 2012, and in Istanbul in June 2012).  

 

 

 

http://www.meece.eu/documents/deliverables/WP3/D3.2.pdf
http://www.meece.eu/documents/deliverables/WP3/D3.2.pdf
http://www.meece.eu/documents/deliverables/WP3/D3.2.pdf
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Selected model variables (and units) were the following:  

Component Variable (abbreviation) Units Spatial 

domain 

Ocean warming Sea Surface Temperature 

(SST) 

ºC Sea surface 

Acidification pH unitless Sea surface 

Primary 

production 

Phytoplankton Biomass 

(Pmass) 

mg C/m2 Depth 

integrated  

Primary 

production 

Net Primary Production 

(netPP) 

mg C/m2/day Depth 

integrated 

Secondary 

production 

Zooplankton biomass 

(Zmass) 

mg C/m2 Depth 

integrated 

Higher trophic 

levels 

Total biomass of all fish 

species considered (Fish) 

Tonnes   Region 

 

The selected set of scenarios and metrics are consistent with the MEECE web-based Atlas 

(D3.5 & D4.4). 

3.1 Global and regional scenarios 

Seven regions (six European seas and the Benguela upwelling) and the global ocean 

(Figure 2) have been analysed (see summary results in the following sections) and fully 

described in D3.4 (Hindcast and climate forcing), D4.1 (Sensitivity to single direct  

anthropogenic drivers) and the additional parts of  this deliverable (Multiple driver scenarios 

and NIS).   

¶ Global  

¶ Barents Sea  

¶ NE Atlantic (Atlantic Margin, Greater North Sea, Celtic Seas, Bay of Biscay)   

¶ Baltic Sea  

¶ Black Sea 

¶ Adriatic  

¶ N. Aegean Sea 

¶ Benguela Upwelling 

 

http://www.meece.eu/documents/deliverables/WP3/D3.5.docx.pdf
http://www.meece.eu/documents/deliverables/WP4/D4.4.pdf
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Figure 2.  European seas and regions considered. 

3.2 Multivariate analysis 

The data used in the multivariate analysis is the spatial fraction of the region showing each 

trophic propagation response (Figure 1), for each scenario.  This is determined by 

calculating the response (i.e. fractional change) of a zooplankton biomass compared with 

fractional change in phytoplankton biomass to the same driver(s). The changes are 

calculated with reference to the PD scenario for the A1B and BU scenarios while for the 

multiple driver scenarios (WM, GC and LR) the reference is the BU scenario.    

Non-metric multi-dimensional scaling ordination (MDS), derived from normalized Euclidean-

distance matrices, was used to visualise relationships between sample groups. How well the 

ordination succeeds in capturing the full multivariate information in 2 dimensions is indicated 

by the stress value 

( )ääää -= j k
2
jkj k jkjk

2
ddĔdStress  

where jkdĔ  is the distance predicted from a fitted monotonic-increasing regression 

corresponding to distance djk. A stress value <0.05 indicates an excellent representation with 

no prospect of misinterpretation, <0.1 indicates a good representation, and <0.2 a useable 

representation in which detail should not be relied upon (Clarke, 1993). Values >0.3 indicate 

that the algorithm has not managed to adequately represent the full multivariate information 

in 2 dimensions. 

Differences between groups of samples were tested for significance using analysis of 

similarities (ANOSIM), which is analogous to a univariate ANOVA. The ANOSIM statistic (R) 

contrasts the average rank within groups with the average rank between groups, and is 

scaled to vary between -1 and +1. A value of +1 indicates that all ranks within groups are 
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higher than all ranks between groups. Under the null hypothesis H0 (ñno difference between 

samplesò), R = 0 and this is tested by permutation (Clarke and Green, 1988). 

Principal Components Analysis (PCA, e.g. Chatfield & Collins 1980) was used for this, since 

the outputs are continuous variables for which standard Euclidian distance is an appropriate 

distance measure (e.g. Clarke et al. 2006). 

The purpose of the PCA is to display, in 2-dimensional space, the appropriate relationship 

between different scenarios, in terms of the similarity of changes they induce in the trophic 

amplification.  Provided the first two principal axes (PC1 and PC2) account for much of the 

total variance in the full variable set, which can happen (as it does here) when there are 

strong inter-correlations between the modelled variables, then points which are close 

together on the PCA plot indicate impact or recovery conditions which are similar. 

Furthermore, the PC axes are simple linear combinations of the model variables, so that the 

sign of a linear coefficient and its magnitude, indicate the direction and strength of the 

change in that variable across (PC1) or up (PC2).   

Finally, note that the variables in this case are all on a common scale (% change from 

control) so it is not necessary to normalise the data before entry to PCA. In this way, the 

variables that have the greater % change as a result of the scenarios will have the greatest 

contribution to determining the principal axes, as is desirable. This is sometimes referred to 

as a covariance based PCA (in contrast with a correlation based PCA which first normalises 

all variables to have a zero mean and unit standard deviation).  

All multivariate analyses and displays used the PRIMER software (Plymouth Routines In 

Multivariate Ecological Research v6, Clarke & Gorley 2006). 

4. Intra-regional compassion of the scenario impacts 
In order to provide an overall comparison within each region we consider two basic figures 

for each region. Firstly we use a radar plot which shows the relative change in key metrics 

for each scenario considered with reference (defined as being = 1) to the hindcast simulation 

(or the present day climate simulation) on a regionally average scale.  The second type is a 

spatial map of the changes in trophic propagation between phytoplankton and zooplankton 

and gives an indication of spatial variability in response at the base of the foodweb.   

4.1 Global 

At the global scale there is an overall warming of the sea surface (+2.29oC) when comparing 

the climate forced PD (1980-2000) scenario with the A1B (2080-2100) scenario (Figure 3). 

There are overall reductions of 9.2% in primary production, phytoplankton and 10.7 % in 

zooplankton biomass.  However there is considerable regional variability with some areas 

showing increases. This is reflected in the corresponding trophic amplification plot (Figure 5) 

shows strong latitudinal patterns. It is dominated by a negative amplification effect between 

50N and 40S which can be attributed to warming and increased stratification.  In the 

temperate regions the responses are more complicated, being dominated by negative 

attenuation in the north and a mixture of responses in the south include regions of negative 



EC FP7 MEECE | 212085 | D4.3 | Synthesis report on the comparison of WP3 and WP4 simulations Part 1 
 
 

Page 20 of 52 
 

top down control.  The Polar Regions are dominated by positive effects (amplification, 

attenuation) indicating that the warming (and sea ice loss) is enhancing the biomass of both 

phytoplankton and zooplankton.   

 

 

 

 

 

 

 

 

 

 

Figure 3. Radar plot of 

the relative changes in common variables between the A1B and PD scenarios from the 

global model   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Spatial map of the impact of climate change (A1B scenario 2080-2100) on trophic 

propagation from phytoplankton to zooplankton at the Global Scale (from D3.4).  
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These patterns are a direct response to global oceanic warming which is expected to drive 

two different hydrographical processes that lead to different productivity regimes:  

1. A regime dominant in the low- and mid-latitude ocean and in the North Atlantic: 

reduced input of macro-nutrients into the euphotic zone related to enhanced stratification, 

reduced mixed layer depth, and slowed circulation causes a decrease in macro- nutrient; 

concentrations and in net primary production resulting in negative amplification 

2. The second regime is projected for parts of the Southern Ocean and Arctic: an 

alleviation of light and/or temperature limitation leads to an increase in net primary 

production as productivity is fuelled by a sustained nutrient input resulting in positive 

amplification, attenuation and top down control.  

4.2 Barents and Norwegian Seas 

The Barents Sea is the largest shelf sea adjacent to the Arctic Ocean. The ocean circulation 

is controlled by an inflow of warm, saline and nutrient rich Atlantic Water (AW) in the west.  

The north-eastern part of the Barents Sea is dominated by the presence of Arctic water and 

sea ice, and a pronounced frontal system separates the seasonally stratified and highly 

productive south-western Barents Sea from the year-round stratified and less productive 

north-eastern Barents Sea.   

Figure 5. Radar plot of the 

relative changes in common 

variables a) Barents Sea 

(ECOSMO) between the 

Hindcast (HC), A1B and PD 

scenarios and b) Nordic Seas 

(NORWECOM) 
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The radar plot for the Barents Sea (Fig 5a) highlights major discrepancies between the 

Hindcast and present day scenarios for the ECOSMO model forced with the IPSL-CM4 

model which can be attributed to the forcing having a pronounced sea ice bias in this region.  

To compensate for this the Nordic Seas (NORWECOM model) was forced with GFDL GISS 

model as this gives more reliable results.  The Barents Sea model (Fig 6a) when compared 

with the present day simulation shows substantial increases in temperature and zooplankton 

biomass, decreases in phytoplankton biomass and constant primary production. The 

increasing zooplankton biomass coupled with decrease phytoplankton biomass implies top 

down control of the phytoplankton, and this is confirmed by the trophic amplification plot 

which shows top down control over of the centre of the region. There is a large area of 

positive amplification to the north of the domain which is associated with the retreat of sea 

ice.  There is no temperature dependence of zooplankton growth in ECOSMO; without 

temperature dependence there may be some instances in colder waters where strong top-

down control occurs because the fixed zooplankton growth/grazing rate exceeds the 

temperature-dependent phytoplankton growth rate. 

 

Figure 6. Spatial map of the impact of climate change (A1B scenario 2080-2100) on trophic 

propagation from phytoplankton to zooplankton in the Barents Sea (ECOSMO) and Nordic 

Seas (Norwecom.E2E) regions.  

The NORWECOM model gives a fundamentally different response; overall it shows a slight 

increase in temperature and no response of the lower trophic level model. However the plot 

of trophic propagation exhibits high spatial variability, with the dominant response being top 

down control (+) 30% and negative attenuation 23%.  The localised responses of the 

survival of cod larvae indicate significant decreases in larval survival in all sub regions.  This 

can be attributed to a combination of reduced prey availability and increased ocean 

temperatures which forced the larval fish to take higher risks to sustain high feeding rates 

(see D3.4). 

4.3 NE Atlantic and North Sea  

The North West European Continental Shelf is a broad temperate shelf forming the eastern 

margin of the northern North Atlantic. It includes several shelf sea regions.  The 

spatial/temporal patterns of primary production in this region are to a large extent controlled 

by the physical background.  The regions dynamics are controlled by the seasonal heating 

cycle, atmospheric fluxes, tides, river inputs and exchanges with the open-ocean. Much of 

http://www.meece.eu/Deliv.html
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the open-shelf is seasonally stratified, with tidal mixing fronts separating these regions from 

well mixed/sporadically stratified shallower regions either nearer the coast or on banks. River 

discharge plays an important role in near coastal regions, leading to regions of freshwater 

influence. The large scale ocean-shelf exchange is controlled by seasonal upwelling in the 

south of the region (see Gomez-Gesteira et al., 2011 and references therein), and the 

poleward slope current and (downwelling) Ekman transport in the North (e.g.  Huthnance et 

al., 2009).  

The radar plots for both the NE Atlantic model (POLCOMS ERSEM) and the North Sea 

model (ECOSMO) are shown in Figure 7.  In both cases the bulk regional domain scale 

responses of the lower trophic levels are similar (warming trend, small decreases in 

phytoplankton and zooplankton biomass.  However the spatial maps of trophic propagation 

reveal rather different responses in each region.  In response to climate change the NE 

Atlantic model produces a very mixed response (Figure 8). The BU scenario is characterised 

by positive responses (both amplification and attenuation) on the shelf and negative 

responses in the open ocean.  The former may be driven by increasing temperature 

enhancing the recycling rates of nutrients, while the latter is probably driven by warming 

strengthening the stratification in the ocean.   

Figure 7. Radar plot of the 

relative changes in common 

variables a) North East Atlantic 

(POLCOMS ïERSEM-Ecopath) 

for all scenarios and b) the 

North Sea (ECOSMO) for all 

scenarios 

 

 

 

 

 

 

 

 

 

 

 

 



EC FP7 MEECE | 212085 | D4.3 | Synthesis report on the comparison of WP3 and WP4 simulations Part 1 
 
 

Page 24 of 52 
 

Moving further forward in time the A1B scenario is dominated by a negative attenuation 

response, both on and off the shelf, suggesting that increased stratification in the open 

ocean is restricting the open ocean nutrient supply to the North Sea.  This system is rather 

insensitive to the multiple driver scenarios which are dominated by changes in nutrient inputs 

and reflects the ability of the ERSEM model with its variable phytoplankton C:N 

stoichiometry to buffer changes in nutrient inputs.   

 

 

Figure 8. Spatial map of the impact of a) climate change (BU scenario 2030-240) b) climate 

change (A1B scenario 2080-2100), c) Global Commons (GC scenario 2030-2040), d) World 

Markets (WM  scenario 2030-2040  ) on trophic propagation from phytoplankton to 

zooplankton in the NE Atlantic region.  

In contrast the North Sea ECOSMO model (Figure 9) shows very different responses being 

dominated by amplification effects (both positive and negative) and negative top down 

control. It is also much more sensitive to the multiple driver scenarios, in particular the WM 

where increasing nutrient supply leads to tropic amplification.  In contrast to ERSEM, the 

ECOSMO model has a fixed phytoplankton C:N ratio  and there is no temperature 

dependence of growth.  The open question remains how much of these differences can be 

attributed to the different hydrodynamic models and domains and how much can be 

attributed to the model structures? 

Two higher trophic level models have been applied in this region.  Firstly Ecopath with 

Ecosim coupled to a version of GOTM ERSEM has been used to explore the effect on food 

webs of simultaneous changes in the climate in models of phytoplankton and hence 
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zooplankton production and possible changes in fish harvesting (Figure 7a).  The radar plots 

show that climate change has the least effect - between zero and 20% change in biomass, 

with the greatest effect on the highest trophic level species: sharks, pelagic fish. Reduction 

in fishing pressure has a significant impact on pelagic fish. The results (see D3.4, D4.3 P2 

for details) indicate that changes in the environment and fishing pressure may have both a 

top down and bottom up effect on the North Sea food web. However, whereas the bottom up 

effect is concentrated up the food web, the top down effects are not transmitted to the 

microbial parts of the food web.  For the IBM model coupled to ECOSMO (Figure 7b), the 

survival of fish larvae is negatively impacted by climate change.  

 

Figure 9. Spatial map of the impact of a) climate change (BU scenario 2030-240) b) climate 

change (A1B scenario 2080-2100), c) Global Commons (GC scenario 2030-2040), d) World 

Markets (WM scenario 2030-2040  ) on trophic propagation from phytoplankton to 

zooplankton in the North Sea region.  

4.4 Baltic Sea 

There are a number of key issues to consider when assessing the environmental status of 

the Baltic Sea. It is a highly productive (> 300 gC m-2 yr-1) brackish semi-enclosed sea 

connected through the Danish Straits to the North Sea. It is strongly influenced by freshwater 

inputs, resulting in low salinity at the surface. A consequence of this is strong salinity 

induced stratification, resulting in decreased oxygen concentrations in deep waters. The 

combination of the semi-enclosed basin and strong stratification means it is highly 

susceptible to eutrophication and is noted for frequent large harmful algal blooms events, 

http://www.meece.eu/Deliv.html



















































