
   

 
Tales from a thousand and one ways to integrate marine ecosystem
components when assessing the environmental status

 
Angel Borja, Theo Prins, Nomiki Simboura, Jesper H. Andersen, Torsten Berg, João Carlos Marques, Joao M. Neto, Nadia
Papadopoulou, Johnny Reker, Heliana Teixeira and Laura Uusitalo

Journal Name: Frontiers in Marine Science

ISSN: 2296-7745

Article type: Original Research Article

Received on: 07 May 2014

Accepted on: 25 Jun 2014

Provisional PDF published on: 25 Jun 2014

www.frontiersin.org: www.frontiersin.org

Citation: Borja A, Prins T, Simboura N, Andersen JH, Berg T, Marques JC,
Neto JM, Papadopoulou N, Reker J, Teixeira H and Uusitalo L(2014)
Tales from a thousand and one ways to integrate marine
ecosystem components when assessing the environmental status.
Front. Mar. Sci. 1:22. doi:10.3389/fmars.2014.00022

Copyright statement: © 2014 Borja, Prins, Simboura, Andersen, Berg, Marques, Neto,
Papadopoulou, Reker, Teixeira and Uusitalo. This is an open-access
article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not
comply with these terms.

 
This Provisional PDF corresponds to the article as it appeared upon acceptance, after rigorous

peer-review. Fully formatted PDF and full text (HTML) versions will be made available soon.

 

Marine Ecosystem Ecology

file:///C:/inetpub/wwwroot/FrontiersWebSite/FrontiersTemp/ProvisionalPDF//www.frontiersin.org
http://creativecommons.org/licenses/by/3.0/


1

Tales from a thousand and one ways to integrate marine1

ecosystem components when assessing the environmental2

status3

4

Angel Borja1*, Theo Prins2, Nomiki Simboura3, Jesper H. Andersen4, Torsten Berg5,5
Joao-Carlos Marques6, Joao M. Neto6, Nadia Papadopoulou7, Johnny Reker8, Heliana6
Teixeira9, Laura Uusitalo107

(1*) AZTI-Tecnalia, Marine Research Division, Herrera Kaia, Portualdea s/n, 201108
Pasaia, Spain, aborja@azti.es (corresponding author)9

(2) DELTARES, PO Box 177, 2600 MH Delft, The Netherlands10

(3) HCMR - Hellenic Centre for Marine Research, Institute of Oceanography, P.O. Box11
712, 19013, Anavissos, Attica, Greece12

(4) University of Aarhus, Department of Bioscience, P.O. Box 358, DK-4000 Roskilde,13
Denmark14

(5) MARILIM Aquatic Research GmbH, Heinrich-Wöhlk-Straße 14, 2423215
Schönkichen, Germany16

(6) IMAR – Institute of Marine Research, Department of Life Sciences, Faculty of17
Sciences and Technology, University of Coimbra, Largo Marquês de Pombal, 3004-51718
Coimbra, Portugal19

(7) HCMR - Hellenic Centre for Marine Research, Institute of Marine Biological20
Resources and Inland Waters, P.O. Box 2214, 71003, Heraklion, Crete, Greece21

(8) European Environment Agency, Kongens Nytorv 6, DK-1050 Copenhagen22

(9) European Commission, Joint Research Centre, Institute for Environment and23
Sustainability, 21027 Ispra, Italy24

(10) SYKE- Finnish Environment Institute, Marine Research Centre, P.O. Box 140, FIN-25
00251, Helsinki, Finland26

27



2

Abstract28

Assessing the environmental status of marine ecosystems is useful when29
communicating key messages to policymakers or the society, reducing the complex30
information of the multiple ecosystem and biodiversity components and their important31
spatial and temporal variability into manageable units. Taking into account the32
ecosystem components to be addressed (e.g. biological, chemical, physical), the33
numerous biodiversity elements to be assessed (e.g. from microbes to sea mammals),34
the different indicators needed to be studied (e.g. in Europe, 56 indicators of status have35
been selected), and the different assessment scales to be undertaken (e.g. from local to36
regional sea scale), some criteria to define spatial scales and some guidance on37
aggregating and integrating information is needed. We have reviewed, from ecological38
and management perspectives, the approaches for aggregating and integrating currently39
available for marine status assessment in Europe and other regions of the world.40
Advantages and shortcomings of the different alternatives are highlighted. We provide41
some guidance on the steps towards defining rules for aggregation and integration of42
information at multiple levels of ecosystem organization, providing recommendations43
on when using specific rules in the assessment. A main conclusion is that any44
integration principle used should be ecologically-relevant, transparent and well45
documented, in order to make it comparable across different geographic regions.46

Key words: ecosystems, marine, indicators, Marine Strategy Framework Directive,47
descriptors, criteria, assessment, integration48
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1.- Introduction51
52

The requirement to assess the environmental status of marine waters is growing across53
continents (Borja et al., 2008). It is also one of the challenging tasks to be accomplished54
in Europe, within the Marine Strategy Framework Directive (MSFD) (European55
Commission, 2008). The different legislative mandates to asses status coming from the56
MSFD, Water Framework Directive (WFD) (2000/60/EC) and Habitats Directive57
(92/43/EEC) and other international initiatives have produced numerous methodologies58
that can be applied to different ecosystem components, such as various taxonomic or59
functional groups, habitats, traits, physical features, or to the whole ecosystem (Birk et60
al., 2012; Halpern et al., 2012). Despite this wealth of methods, determining61
environmental status and assessing marine ecosystems health in an integrative way is62
still one of the grand challenges in marine ecosystems ecology research and63
management (Borja, 2014).64

65
Different attempts to understand, define and assess ecosystem health have been made in66
recent years (Costanza and Mageau, 1999; Ulanowicz, 2000; Mee et al., 2008; Ojaveer67
and Eero, 2011; Borja et al., 2013; Tett et al., 2013). The concept of “good68
environmental status” (GEnS) integrates physical, chemical and biological aspects,69
together with the services provided by ecosystems, including a sustainable use of the70
marine resources by society (Borja, 2014). However, synthesizing these aspects into a71
single value will never appropriately reflect all aspects considered to derive the value72
(Purvis and Hector, 2000; Derous et al., 2007). Still, this step is useful when73
communicating key messages to policymakers or the society, reducing the complex74
information of the multiple ecosystem components and their important spatial and75
temporal variability into manageable units, which can be used in ecosystem76
management. Following the recommendation from Mee et al. (2008), we use the GEnS77
acronym because the meaning of ‘environmental’, within the MSFD, and ‘ecological’78
(good ecological status), within the WFD, is different (see Borja et al. (2010), for79
differences between both concepts), implying a different emphasis between these two80
major pieces of legislation.81

82
In the case of the MSFD, an appropriate integration process might be even more83
complex, since the assessment of the status is based upon 11 qualitative descriptors (i.e.84
D1: biological diversity; D2: non-indigenous species; D3: exploited fish and shellfish;85
D4: food webs; D5: human-induced eutrophication; D6: seafloor integrity; D7:86
hydrographical condition; D8: contaminants; D9: contaminants in fish and seafood;87
D10: litter; and D11: energy and noise), which are further divided into 29 criteria and88
56 indicators of health (European Commission, 2010). An overview of MSFD89
descriptors, criteria and indicators is shown in Table 1.90

91
The aim of this work is to present an overview of the different methods currently92
available to synthesize the ecosystem complexity, by aggregating and integrating93
information when assessing the status, focusing mostly on the descriptors related to94
biodiversity, namely D1, D2, D4, D6 (Cardoso et al., 2010; Prins et al., 2013). This95
overview would assist managers, through the guidelines provided, in taking decisions96
for a better management of the marine ecosystems.97

98
99
100
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2.- Ecosystem components combination requirements in assessing the status101
102

There are different methods that can be applied to combine indicators and criteria within103
descriptors and across descriptors to eventually result in an assessment of GEnS for a104
specific geographic area. This combination both involves aggregation and integration.105
The term aggregation is here used for the combination of comparable elements across106
temporal and spatial scales, indicators and criteria, within a descriptor. The term107
integration is used for the combination of different elements (e.g. across descriptors).108
Both combination methods (aggregation and integration) may involve numeric109
calculations.110

111
In Europe, the MSFD defines environmental status as “the overall state of the112
environment in marine waters, taking into account the structure, function, and processes113
of the constituent marine ecosystems together with natural physiographic, geographic,114
biological, geological and climatic factors, as well as physical, acoustic and chemical115
conditions, including those resulting from human activities inside or outside the area116
concerned”.117

118
Taking this definition into account, Borja at al. (2013) have proposed an operational119
definition: “GEnS is achieved when physicochemical (including contaminants, litter and120
noise) and hydrographical conditions are maintained at a level where the structuring121
components of the ecosystem are present and functioning, enabling the system to be122
resistant (ability to withstand stress) and resilient (ability to recover after a stressor) to123
harmful effects of human pressures/activities/impacts, where they maintain and provide124
the ecosystem services that deliver societal benefits in a sustainable way (i.e. that125
pressures associated with uses cumulatively do not hinder the ecosystem components in126
order to retain their natural diversity, productivity and dynamic ecological processes,127
and where recovery is rapid and sustained if a use ceases)’’.128

129
This latter definition includes all MSFD descriptors. Hence, to assess whether or not130
GEnS has been achieved, some aggregation within and integration across the 11131
descriptors is required to move from the evaluation at the level of indicators (the 56132
indicators and 29 criteria described in the Commission Decision (European133
Commission, 2010), see also Table 1) to a global assessment of status, as mentioned134
also in Cardoso et al. (2010). The problem is how to deal with the complex task of135
combining a high number of indicators and descriptors. To develop a common136
understanding on this, it is important that Member States are transparent on (i) the137
process of selecting the indicators to be monitored; (ii) the approaches and combination138
methods they have used; and (iii) the uncertainties in their indicators and methods.139

140
3.- General principles for combination141

142
Based on a literature review, we identified a number of different approaches for143
combining a number of variables (which could be metrics, indicators, or criteria) into an144
overall assessment. Some of them have been used within the WFD, others within the145
RSCs and some others in the MSFD. An overview of the methods is given in Table 2.146

147
When considering the aggregation of indicators, an important factor to be taken into148
account is the reliability of the individual indicators to be aggregated. With each149
indicator, it is always possible to make a type I error, i.e. to get a non-GEnS result when150
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the system in fact is in GEnS. The probability of this false positive (FP) signal varies (i)151
between indicators (Murtaugh, 1996), depending on the natural variability; (ii) with the152
amount of data used to define the indicator value; and (iii) with the target level153
compared to the situation in the nature. The risk of getting a FP from each of the154
individual indicators should affect the aggregation rule as well: if the risk of a FP is a155
uniform 5% per indicator, on average 1 out of 20 indicators is expected to give a FP; a156
problem if all indicators should in fact show GEnS. In order to come up with an157
aggregated assessment in which the risk level is within reasonable bounds, this aspect158
cannot be overlooked.159

160
3.1. One-out, all-out (OOAO)161

162
The OOAO approach is used in the WFD to integrate within and across Biological163
Quality Elements (BQEs)(CIS, 2003), in order to reach the ecological status of a water164
body. This approach follows the general concept that the ecological status assigned to a165
water body depends on the BQE with the lowest status, and consequently, the OOAO166
approach results in a “worst case”.167

168
A prerequisite for the aggregation of various indicators is that they are sensitive to the169
same pressure (Caroni et al., 2013). In such a case, different aggregation methods can170
be used to combine parameters (medians, means, etc.). Caroni et al. (2013) recommend171
an OOAO approach when the combination involves parameters/indicators that are172
sensitive to different pressures. The application of averaging rules may lead to biased173
results in those cases. The WFD Classification Guidance (CIS, 2003) also advises to use174
OOAO when combining parameters/indicators that are sensitive to different pressures.175

176
Borja et al. (2009a) discussed the challenge of assessing ecological integrity in marine177
waters, and suggest that simple approaches, such as the ‘OOAO’ principle of the WFD,178
may be a useful starting point, but eventually should be avoided. The ecological179
integrity of an aquatic system should be evaluated using all information available,180
including as many biological ecosystem elements as is reasonable, and using an181
ecosystem-based assessment approach. The OOAO rule can be considered a rigorous182
approach to the precautionary rule, in an ideal world where the status based on each183
BQE can be measured without error. It results in very conservative assessments184
(Ojaveer and Eero, 2011). In practice, the inevitable uncertainty associated with185
monitoring and assessment for each metric and BQE leads to problems of probable186
underestimation of the true overall status. The OOAO principle has therefore been187
criticized as it increases the probability of committing a false positive error, leading to188
an erroneous downgrading of the status of a water body as it has been observed189
especially within the WFD (Borja and Rodríguez, 2010; Ojaveer and Eero, 2011; Borja190
et al., 2013; Caroni et al., 2013). In the case of the MSFD, with such large number of191
descriptors, criteria and indicators, the probability of not achieving good status becomes192
very high and, probably, unmanageable in practical terms (Borja et al., 2013).193

194
Alternative methods for integrating multiple BQEs in the WFD are currently being195
considered (Caroni et al., 2013).196

197
3.2. Averaging approach198

199
The averaging approach is the most commonly used method to aggregate indicators200
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(Shin et al., 2012) and consists of simple calculations, using methods such as arithmetic201
average, hierarchical average, weighted average, median, sum, product or combinations202
of those rules, to come up with an overall assessment value.203

204
Ojaveer and Eero (2011) showed that in cases where a large number of indicators is205
available, the choice of e.g. either medians or averages in aggregating indicators did not206
substantially influence the assessment results. However, this might not necessarily be207
the case when only a few indicators are available. In such a situation, the result will208
depend to a larger degree on the distribution of the values involved. A skewed209
distribution reflecting some major factors and a few ones with very different values will210
result in very different assessment results for the median compared to assessments211
based on means. Apart from the mathematical applicability of either method based on212
the underlying data (e.g. homoscedasticity), the choice of the actual averaging method213
may be driven by policy decisions focusing on either central trends without much214
attention to extreme values (median) or focusing on weighting the individual values by215
their magnitude (arithmetic mean).216

217
The way the indicators are hierarchically arranged influences the assessment results as218
well, but Ojaveer and Eero (2011) found that these effects were considerably less219
important than the effects of applying different aggregation rules.220

221
Differential weighting applied to the various indicators can be used when calculating222
means or medians. An adequate basis for assigning weights is not always available and223
in such cases an equal weight is recommended by Ojaveer and Eero (2011). Assigning224
weights often involves expert judgment, and Aubry and Elliott (2006) point out that in225
some cases, expert opinions on weights can show important divergence.226

227
3.3. Conditional rules228

229
Conditional rules (a specific proportion of the variables have to achieve good status) are230
an approach where indicators can be combined in different ways for an overall231
assessment, depending on certain criteria. This provides an opportunity to use expert232
judgment when combining indicators, in a transparent way. An example of this233
approach is the application of a conditional rule of at least two out of three indicators234
(one biotic index and two structural or diversity indices) should pass the threshold in235
order to achieve GEnS for benthic community condition under D6 in Hellenic waters236
(Simboura et al., 2012). Tueros et al. (2009) present another example of the conditional237
rule in which when integrating water and sediment variables into an overall assessment238
of the chemical status and only one sediment or water variable does not meet the239
objective, while the rest of the variables meet, the final chemical status achieves the240
objective. This work was also mentioned under the "two out, all out" approach241
considering the case when two variables do not meet the objective and the final status242
fails.243

244
Breen et al. (2012) used several risk criteria rules and worst-case or integrated245
approaches when combining evidence before a final assessment. Following Cardoso et246
al. (2010) the integrated approach was applied to Biodiversity, Non-indigenous species,247
Eutrophication and Seafloor Integrity descriptors, while all other descriptors used a248
worst case approach following the OOAO principle whereby if one set of evidence249
suggested that the risk was ‘high’ then ‘high’ was automatically assessed for the entire250
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descriptor.251
252

3.4. Scoring or rating253
254

In this method different scores are assigned to a status level (for example, ranging from255
1 to 5), for a number of different elements. The scores are summed up to derive a total256
score which is then rated according to the number of elements taken into account.257
Different weights can be assigned to the various elements. This method was proposed258
by Borja et al. (2004) to calculate an integrative index of quality and is the basis of259
many multimetric indices used within the WFD and the MSFD combining different260
parameters or metrics using the weighted scoring or rating rule into one integrative261
multimetric index (Birk et al., 2012). It must be recognized here that this approach262
implies the score values being on a cardinal scale and acting as weighting factors.263
Otherwise, using an ordinal scale for the scores, summing up the individual elements is264
mathematically not defined.265

266
Another example is the method developed by Borja et al. (2010, 2011b) for a cross-267
descriptor integration, combining the 11 descriptors of MSFD based on the WFD,268
HELCOM (2009a, 2009b, 2010) and OSPAR (2010, 2012) experiences. An Ecological269
Quality Ratio (EQR) was calculated for each indicator of the various MSFD descriptors,270
with the EQR for the whole descriptor being the average value of the EQR of the271
indicators. Then, by multiplying the EQR with the percent weight assigned to each272
descriptor (and summing up to 100), an overall environmental status value was derived.273

274
3.5. Multimetric indices to combine indicators275

276
Within the WFD there are many examples of multimetric indices developed for277
different biological elements, driven by the need to fulfil the detailed requirements of278
the WFD (see Birk et al. (2012) for a complete synthesis).279

280
In addition, within the MSFD, the European Commission established a number of Task281
Groups consisting of technical experts to help inform the discussions on how to reach a282
common understanding of the 11 descriptors. Hence, Task Group 6 report on seafloor283
integrity (Rice et al., 2010) recommends the use of multimetric indices or multivariate284
techniques for integrating indicators of species composition attributes of this descriptor,285
such as diversity, distinctness, complementarity/(dis)similarity, or species-area286
relationships.287

288
There are various other examples of multi-metric indices used to assess the status of the289
macrobenthos (see Borja et al. (2011a) for an overview). Multimetric methods to290
combine multiple parameters in one assessment may result in more robust indicators,291
compared to indicators based on single parameters. However, scaling of a multimetric292
index may be less straightforward, and ideally the various parameters should not be293
inter-correlated (e.g. the discussion on the TRIX index in Primpas and Karydis (2011)).294

295
3.6. Multidimensional approaches296

297
Multivariate methods, such as Discriminant Analysis or Factor Analysis combine298
parameters in a multi-dimensional space. For assessment purposes, areas need to be299
classified into groups of GEnS and non-GEnS.300
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301
Multivariate methods have the advantage of being more robust and less sensitive to302
correlation between indicators. However, interpretation is less intuitive than other303
methods, as information on individual indicators in each ecosystem is lost (Shin et al.,304
2012) and links to management options are less obvious.305

306
307

3.7. Decision tree308
309

Decision trees provide the opportunity to apply different, specific, rules to combine310
individual assessments into an overall assessment. A decision tree allows implementing311
individual rules at each of its nodes and thus incorporates arbitrary decisions at each312
step within the decision tree. The decision rules can be quantitative or qualitative as313
well as based on expert judgement. This gives room for a high degree of flexibility in314
reaching the final assessment and can thus be used where the other principles fail to315
represent the intricate interactions, feedback loops and dependencies involved in316
ecosystem functioning between the ecosystem components.317

318
A simple version of a decision tree involves only having a few conditional rules where a319
specific proportion or certain individually specified indicators have to achieve good320
status in order to achieve GEnS. Borja et al. (2013) implicitly propose using this kind of321
decision tree when they take the view that for biodiversity (D1) to be in good status, all322
other descriptors must be in good status and if one of the pressure descriptors fails, then323
D1 also fails.324

325
Borja et al. (2004, 2009b) describe a methodology that integrates several biological326
elements (phytoplankton, benthos, algae, phanerogams, and fishes), together with327
physicochemical elements (including pollutants) into a quality assessment. The328
proposed methodologies accommodate both WFD and the MSFD. They suggest that the329
decision tree should give more weight to individual elements taking into account the330
spatial and temporal variability and the availability of accurate methodologies for some331
of them (i.e. benthos) and to individual assessment methods which have been used332
broadly by authors other than the proposers of the method, tested for several different333
human pressures, and/or intercalibrated with other methods.334

335
3.8. Probabilistic approach336

337
Each of the indicator results are uncertain, due to several factors e.g. natural variation in338
the sampling sites, random variation in the samples, insufficient scientific understanding339
about what should be the reference value for good status, etc. Some indicators are bound340
to include more uncertainty that others, due to differences in the amount of data used,341
the extent of scientific understanding regarding the issue, and the amplitude of natural342
variation. If these uncertainties can be approximated, this gives rise to the possibility of343
taking this information into account when integrating the indicators. The more uncertain344
indicators will get less weight in the integrated assessment, while the more certain ones345
will be more reliable and hence get more weight. The calculus of the integrated346
assessment can be based on Bayesian statistics, giving transparent and coherent rules by347
which the final score is calculated.348

349
This approach can be combined to one or several of the above-mentioned approaches:350
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for example, conditional rules can be set in addition to the probabilistic integration rule351
to include expert judgement; and the principles outlined in the decision tree approach352
can be applied as well.353

354
Barton et al. (2012) demonstrate how to use the probabilistic approach in the DPSIR355
framework in the case of eutrophication management. There are several other examples356
in the recent literature about how to evaluate various management measures under357
uncertainty to optimise one target, such as eutrophication (Barton et al., 2008;358
Lehikoinen et al., 2013a) and oil spill severity (Lehikoinen et al., 2013b). This approach359
could be expanded to include several descriptors or indicators.360

361
Probabilistic combination of uncertain indicators would naturally lead to a probability362
estimate of how likely it is that a marine area is in GEnS; we would, for example, end363
up with an estimate that the sea area is in GEnS with 70% probability. The managers364
would then have to decide how much uncertainty they are willing to tolerate; i.e. are365
they happy if the probability of GEnS is above 50%, or whether they want a higher366
certainty?367

368
3.9. High-level integration369

370
An example of a high-level integration, where assessments for several ecosystem371
components are merged into a final assessment, is the HELCOM-HOLAS project372
(HELCOM, 2010). The report presents an indicator-based assessment tool termed373
HOLAS (‘Holistic Assessment of Ecosystem Health Status’). The indicators used in the374
thematic assessments for eutrophication (HEAT), hazardous substances (CHASE) and375
biodiversity (BEAT) were integrated into a Holistic Assessment of ‘ecosystem health’.376
The HOLAS tool presented assessment results for three groups: biological indicators,377
hazardous substances indicators and supporting indicators, and then applied the OOAO378
principle on the assessment results of those three groups for the final assessment (Figure379
1).380

381
This approach, which includes the selection of an agreed reduced set of indicators and382
agreed weighting rules, could be considered a pragmatic compromise, reducing the risks383
associated with OOAO while still giving an overall assessment.384

385
An example of such a high level aggregation is the integrative method of Borja et al.386
(2010, 2011b), which includes a weighted scoring or rating method proposed for the387
MSFD in the southern Bay of Biscay. After aggregating the indicators within each388
descriptor, each descriptor was weighted according to the human pressure supported by389
the area. Then the value of each descriptor (i.e. an EQR) was multiplied by the390
weighting and added to obtain a final value between 0 and 1, being 0 the worst391
environmental status and 1 the best. This high-level integration was done at spatial and392
temporal scale. Although these authors combine values across descriptors, leading to a393
single value of environmental status, it could also be reported as “x out of 11394
descriptors” having reached GEnS. In both cases, this allows to take management395
measures on those human activities impacting more in some of the descriptors or396
indicators not achieving good status, as shown in Borja et al. (2011b).397

398
Halpern et al. (2012) developed another method, based more upon human activities and399
pressures, which presents a high-level integration at country level, using internationally400
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available datasets (Ocean Health Index http://www.oceanhealthindex.org/). Similarly,401
Micheli et al. (2013) looked at cumulative impacts to the marine ecosystems of the402
Mediterranean and the Black Sea as a whole, while producing impact scores and maps403
for seven ecoregions and the territorial waters of EU Member states.404

405
A Baltic Sea Health Index (BSHI) will be developed based on: (i) the existing406
HELCOM toolbox (HEAT, BEAT, CHASE and HOLAS), the MSFD (European407
Commission, 2008, 2010), and (ii) the Ocean Health Index (Halpern et al., 2012).408

409
Finally, there is a recent high-level integration example in Tett et al. (2013), for the410
North Sea, which includes five steps in the calculation: (i) identify (spatial extent) of411
ecosystem; (ii) identify spatial granularity and extent of repetitive temporal variability,412
and decide how to average or integrate over these; (iii) select state variables; (iv) plot413
trajectory in state space and calculate Euclidian (scalar) distance from (arbitrary)414
reference condition; and (v) calculate medium-term variability about trend in state415
space, and use this variability as proxy for (inverse) resilience.416

417
4.- Considerations and recommendations when using specific rules418

419
As shown in the previous section, the considerations to be used in combining values and420
assessing the environmental status are not easily defined. From the lessons learned421
above, some guidance can be offered:422

423
(i) OOAO is appropriate when:424

o Legal criteria are involved, (e.g. contaminants exceeding legal quality425
standards, species or habitats failing favourable conservation status under426
Birds or Habitat Directives, commercial fish stocks failing Maximum427
Sustainable Yield targets under Common Fisheries Policy).428

o Different pressures are addressed (but in that case other methods can be429
also used).430

o There is an impact or risk on a future impact.431
o The precautionary principle is applied (e.g. in the case when little432

information from only a few indicators is available).433
(ii) OOAO cannot be used:434

o In cases where indicators show a high level of uncertainty, when various435
indicators are sensitive to the same pressure, etc. In practice, the436
uncertainty associated with monitoring and assessment for each437
indicator/descriptor leads to problems of probable underestimation of the438
true overall class. Hence, if the error associated to the method used to439
assess the status of each indicator/descriptor is too high the OOAO440
approach is not advisable.441

o Note: Often, not all indicators are in the same state of development, or442
are scientifically sound and fully tested. In some cases P-S-I (Pressure-443
State-Impact) relations are uncertain. Also, sometimes multiple444
indicators are used to describe state. While not all of those indicators445
may be equally important or even comparable, this is done to include446
indicators that are used as supportive indicators, where P-S-I relations447
are uncertain. In those cases an aggregation rule such as OOAO should448
not be applied.449

(iii) A ‘two out, all out’ approach can be considered in cases where several450
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methods are combined in one assessment; e.g., when several matrices are451
used in pollutants to give a broader view of the status (e.g. pollutants in452
water for an instant picture, pollutants in sediments or biota for a time-453
integrated result, Tueros et al. (2009)).454

(iv) Averaging is appropriate when combined variables or indicators are of equal455
importance or sensitive to the same pressure.456

(v) Scoring or decision tree approaches are appropriate when:457
o The methods to assess the status of the different indicators/descriptors458

are in different levels of development. In this case, consider giving more459
weight to those indicator/assessment methods which have been: (i) used460
broadly by authors other than the proposers of the method; (ii) tested for461
several different human pressures; and/or (iii) intercalibrated with other462
methods.463

o It is important to be able to track the different steps involved in the464
assessment, making the path to the final assessment result transparent.465

o Note: Consider different weights for individual indicators/descriptors466
taking into account the relationship with the pressures within the467
assessment (sub)region. E.g. if the area is under high fishing pressure the468
most affected descriptors will be D1, D3, D4, D6 and D11; in turn, D2,469
D5, D7, D8, D9 and D10 will be less affected.470

471
(vi) Probabilistic approach:472

o Consider carefully the uncertainties related to all of the various parts of473
the problem; be sure not to overestimate the well-known uncertainties474
(e.g. natural variance and sampling bias) and underestimate the poorly475
known uncertainties (e.g. insufficient knowledge or competing476
hypotheses about ecological interactions; combined effects of various477
pressures that may be strengthen or weaken each other, etc.).478

o Consider using expert knowledge in evaluating the various uncertainties.479
o If using expert judgement to weigh the different indicators in addition to480

the uncertainty estimate, make sure that the weighing is based on the481
relative importance of the indicators, not on the perceived uncertainty;482
otherwise you will end up double counting the effect of uncertainty in483
the final evaluation.484

(vii) Multimetric and multivariate methods are appropriate when:485
o Integrating several indicators of species composition or several486

indicators of eutrophication or seafloor integrity (e.g. in D1, D5, D6)487
o It is advisable to verify that stakeholders and managers can understand488

the interpretation of the results, and results must be presented in a clear489
way.490

(viii) For any of the described methods take into account that:491
o Using as many ecosystem components/indicators/criteria as reasonable492

and available will make the analysis more robust.493
o Integrate across state descriptors (D1, D3, D4, D6) differently than494

across pressure descriptors (D2, D5, D7, D8, D9, D10, D11), giving495
higher weight to state-based descriptors.496

497
5.- Application of combination rules in assessments498

499
As shown above, the WFD focuses on the structure of the ecosystem using a limited500
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number of biodiversity components (the BQEs), that are combined through the501
precautionary OOAO approach (Borja et al., 2010). In contrast, the MSFD can be502
considered to follow a ‘holistic functional approach’, as it takes into account not only503
structure (biodiversity components, habitats), but also function (e.g. food webs, seafloor504
integrity) and processes (e.g. biogeochemical cycles) of the marine ecosystems. The505
MSFD also uses descriptors that not only relate to biological and physicochemical state506
indicators but also to pressure indicators (Borja et al., 2010, 2013). The MSFD requires507
the determination of GEnS on the basis of the qualitative descriptors in Annex I, but508
does not specifically require one single GEnS assessment, in contrast to the WFD.509

510
There are many methodological challenges and uncertainties involved in establishing a511
holistic ecosystem assessment, when it is based on the large number of descriptors,512
associated criteria and indicators defined under the MSFD. The choice of indicator513
aggregation rules is essential, as the final outcome of the assessment may be very514
sensitive to those indicator aggregation rules (Ojaveer and Eero, 2011; Borja et al.,515
2013; Caroni et al., 2013). As shown in the previous section, different methodologies516
can be applied for aggregating indicators, which vary, amongst others, in the way the517
outliers influence the aggregate value.518

519
When aggregating indicators most researchers agree that multiple accounting should be520
avoided. For example, phytoplankton indicators under D1 should be indicative of521
biodiversity state while under D5 it should be an estimator of the level of522
eutrophication. Similarly, macroinvertebrates under D1 should represent biodiversity523
state and under D6 also the state change from pressures on the seafloor. In these cases,524
although the datasets used could be the same, the main characteristics of the indicators525
to be used within each descriptor should be different, e.g. the value of526
macroinvertebrates indicators under D1 (rarity of species, endangered species, engineer527
species presence, etc.) and the condition of benthic community under D6 (ratio of528
opportunistic/sensitive, multimetric methods to assess the status, etc.). Of course, for529
aggregating indicators within the same criterion it is important that all indicators have530
the same level of maturity and that sufficient data are available.531

532
There are at least four levels of combination required to move from evaluation of the533
individual metrics or indicators identified by the Task Groups to an assessment of GEnS534
(Cardoso et al., 2010). As an example, using D6 (Seafloor integrity), Figure 2 shows: (i)535
aggregation of metrics/indices within indicators (see names of indicators in Table 1);536
(ii) aggregation of indicators within the criteria of a descriptor (for complex537
descriptors), e.g. criteria 6.1 (physical damage) and 6.2 (condition of benthic538
community); (iii) status across all the criteria of a descriptor; and (iv) integration of539
status across all descriptors.540

541
As one moves up the scale from metric/indicator level to overall GEnS, the diversity of542
features that have to be combined increases rapidly (Figure 2). This poses several543
challenges arising from the diversity of metrics, scales, performance features544
(sensitivity, specificity, etc.) and inherent nature (state indicators, pressure indicators,545
impact indicators) of the metrics that must be integrated.546

547
5.1. Aggregation of indicators and criteria (combination within a descriptor)548

549
Cardoso et al. (2010) summarize the methods for an integration within a MSFD550
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descriptor, categorizing them into two wider categories: (i) integrative assessments551
combining indicators and/or attributes appropriate to local conditions; and (ii)552
assessment by worst case (in this context‚ ‘worst case’ means that GEnS will be set at553
the environmental status of the indicator and/or attribute assessed at the worst state for554
the area of concern).555

556
Table 3 summarizes the approaches to aggregate attributes within each descriptor. In557
some cases the MSFD Task Groups propose deconstructing the ecosystem into558
‘descriptor indicators’ and then recombining them again to give a pass/fail for the559
GEnS, using (in four cases) the OOAO principle (Table 3). Borja et al. (2013)560
emphasize that such a ‘deconstructive structural approach’ makes large assumptions561
about the functioning of the system and does not consider the weighting of the different562
indicators and descriptors. It implies that recombining a set of structural attributes gives563
an accurate representation of the ecosystem functioning.564

565
An example of this accurate representation is shown by Tett et al. (2013), who assess566
the ecosystem health of the North Sea, using different attributes and components of the567
ecosystem. These components include structure or organization, vigour, resilience,568
hierarchy and trajectory in state space. All the information from the different569
components are combined and synthesized for a holistic approach to assess the570
ecosystem health.571

572
Other approaches have been used in aggregating indicators within each descriptor. For573
example, Borja et al. (2011b) use the biodiversity valuation approach, in assessing574
biodiversity within the MSFD, integrating several biodiversity components575
(zooplankton, macroalgae, macroinvertebrates, fishes, cetaceans and seabirds).576
Biodiversity valuation maps aim at the compilation of all available biological and577
ecological information for a selected study area and allocate an integrated intrinsic578
biological value to the subzones (Derous et al., 2007). Details on valuation579
methodology can be consulted in Pascual et al. (2011) (see Figure 4 in that paper). This580
methodology provides information for each of the components and their integrative581
valuation, together with the reliability of the result, taking into account spatial and582
temporal data availability (Derous et al., 2007). The advantage of this method is that the583
current information used to valuate biodiversity can be adapted to the requirements of584
the MSFD indicators. Moreover, this method can avoid duplication of indicators in two585
descriptors (e.g. D1 and D6), since the metrics used could be different. This information586
can be converted into environmental status values, as shown in Borja et al. (2011b).587

588
5.2. Integration of descriptors (combination across descriptors)589

590
Discussion on how to integrate the results of each descriptor into an overall assessment591
of GEnS for regions or subregions was not part of the Terms of Reference for the Task592
Groups. However, work within Task Group 6 (Sea floor integrity) identified a method593
for integration and assessment that might also be appropriate, if applied across all594
descriptors, at a regional scale (Cardoso et al., 2010). As these authors pointed out,595
cross-descriptor integration at the scale of (sub)regional seas runs the risk of blending596
and obscuring the information that is necessary to follow progress towards GEnS and to597
inform decision-makers about the effects and the efficiency of policies and598
management. It may lead to masking of problems within specific descriptors.599

600
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Borja et al. (2013) describe at least 8 options to determine GEnS in a regional sea601
context (Table 4). These authors detail the concept behind these options, and propose602
the decision rule more adequate for the assessment method to be used, depending on the603
circumstances i.e. data availability, lack of monitoring, etc. In addition, these authors604
consider what type and amount of data are required, and then discuss the pros and cons605
of the different options. The implementation of a complex directive, such as the MSFD,606
requires a high amount of data to assess the environmental status in a robust way.607
Hence, the options from 1 to 8 proposed in Table 4 are sequentially less demanding of608
new data, and the degree of detailed environmental assessment is also decreasing.609

610
As such, Option 1, which is most similar to the WFD approach, deconstructs GEnS into611
the 11 descriptors and then into the component indicators, assessing each components612
for each area before attempting to produce an overall assessment (Table 4). However,613
having a complete dataset covering all descriptors and indicators for the assessment is614
difficult, if not impossible to achieve in practical terms. The use of pressure maps as an615
estimator of the environmental status and possible impacts to marine ecosystems could616
be considered instead (see Table 4). This would, however, build on the substantial617
assumption that the level of pressure is adequately representing the current state on all618
different levels of ecosystem components. Option 7, in contrast, only uses published619
data for the activities, and then infers a static relationship between activity, pressures,620
state changes and impacts both on the natural and the human system. Here, the number621
of underlying assumptions is even larger than using pressure maps, since the method622
relies on predefined and static DPSIR relations. Between these extremes, there are623
several intermediate options to integrate and present information, each with its own624
requirements, pros and cons (Table 4).625

626
5.2.1. One-out, all-out (OOAO)627

628
Although the MSFD describes the GEnS individually for each of the 11 descriptors, this629
does not necessarily imply the ability to have GEnS at the level of all the descriptors,630
nor does it mean that each descriptor should necessarily be graded individually in a631
binary way (i.e. good or not good environmental status) (Borja et al., 2013).632

633
It could be argued that the 11 descriptors together summarize the way in which the634
ecosystem functions in terms of the MSFD view. As Member States have to consider635
each of the descriptors to determine good environmental status, this could be interpreted636
as a requirement to achieve GEnS for each of these descriptors. In that case, applying637
OOAO is the only integration method that can be applied to arrive at an overall638
assessment of GEnS, leading to a high probability of not achieving GEnS.639

640
This assumes that the 11 descriptors, and the associated indicators, can be considered a641
coherent and consistent framework that adequately reflects the environmental status. In642
that situation, state descriptors not achieving GEnS would be accompanied by pressure643
descriptors not achieving GEnS, if the reaction of the ecosystem components is644
immediate, acting on the same time scale as the pressures. If this is not the case, for645
example if a pressure descriptor (e.g. D5 or D8) indicates that the level of the pressure is646
too high to achieve GEnS, while state descriptors (e.g. D1 or D4) do not reflect this,647
there is clearly an inconsistency in the assumed MSFD assessment framework,648
indicating that it does not capture delayed responses of state indicators to changing649
pressure indicators. That could be interpreted as a need for further research on the650
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nature of P-S-I relations and the consistency in environmental targets for the descriptors651
involved, since our current state of knowledge on quantitative causal relations between652
pressures, state changes and impacts is limited. In addition, nearly all ecosystem653
components are subject to the true cumulative effects of many simultaneous pressures654
related to a range of human activities (Crain et al., 2008; Stelzenmüller et al., 2010;655
Knights et al., 2013). This means that, for some descriptors at least, there is a large656
scientific uncertainty associated with the definition of environmental targets and GEnS.657
Uncertainties in target setting, in the performance of an action (e.g. ecosystem state658
post-management) or in the contribution of individual driver(s) causing state change can659
undermine decision making when implementing environmental policy and can limit our660
ability to identify what should be managed, and what the impact of management might661
be (Knights et al., 2014). Consequently, developing a consistent assessment framework662
for all descriptors and indicators is an extremely challenging task, and using the OOAO663
approach is not appropriate.664

665
5.2.2. Alternative approaches666

667
The usefulness of integrating descriptors to one single value (overall GEnS assessment668
based on combination of the 11 descriptors) is under discussion by the Member States669
and the European Commission groups for the implementation of the MSFD. An670
argument against integration across descriptors is that it may not be informative any671
more since it results in loss of information at a crucial level where different elements are672
combined that cannot be integrated without major concessions.673

674
The abovementioned groups have suggested that an integration across the biodiversity-675
related descriptors (D1, D2, D4, D6) might be an option, splitting those descriptors into676
various groups (e.g. functional or species groups). If a species or species group is677
assessed under more than one descriptor different aspects should be considered (e.g.678
chlorophyll a under D5 and phytoplankton species composition under D1).679

680
However, if an integration across all descriptors is decided, Borja et al. (2010) suggest681
that the 11 descriptors are hierarchical and do not have an equal weighting when682
assessing the overall GEnS. Hence, Borja et al. (2013) suggest that for biodiversity (D1)683
to be fulfilled requires all others to be met and similarly if one of the stressor or684
pressure-related descriptors (e.g. D11, energy including noise) fails then by definition685
the biodiversity will be adversely affected at some point. This approach addresses the686
conceptual drawback of the OOAO principle and allows to have delayed responses to687
changing pressure regimes without drawing false conclusions and still being688
precautionary.689

690
In addition to the problem of combining indicators (seen in the previous section) and691
descriptors the MSFD requires Member States to integrate and geographically scale-up692
the assessments at the level of a region or subregion (Borja et al., 2010). This differs693
strongly from the approach under the WFD, which is restricted to quality assessments at694
the scale of a water body (Hering et al., 2010). This means that the GEnS assessments695
of the different Member States within a regional sea need to be comparable and should696
avoid anomalies at the borders of Member States in order to enable synthesising of the697
assessments into a region-wide assessment (Borja et al., 2013). This requires both698
comparable methods and associated combination rules to ensure minimum standards for699
GEnS reporting across Member States. As such, we advocate a set of common700
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principles (expanded from Claussen et al., 2011, as shown in Borja et al., 2013):701
702

- The combination across levels of different complexity should accommodate703
different alternatives, i.e., aggregation below descriptor level (across indicators704
within criteria, and criteria within descriptors, as shown in the previous section)705
and can certainly differ from descriptor level integration;706

707
- Integration across state descriptors (D1, D3, D4, D6) should be done differently708

than across pressure descriptors (D2, D5, D7, D8, D9, D10, D11), but avoiding709
double counting of indicators in different descriptors (e.g. phytoplankton under710
D1 and D5, macroinvertebrates under D1 and D6).711

712
- Consideration of a different contribution of the two types of descriptors for the713

overall GEnS evaluation – giving state descriptors a higher weight, as receptors714
of the impacts caused by pressures. The rationale for this, as recognized by715
Claussen et al. (2011), is that “in principle, where GEnS for state-based716
descriptors (D1, 3, 4, 6) is achieved it follows that GEnS for pressure-based717
descriptors should also be met”. This principle makes the assumption that the718
state eventually will reflect ceasing pressures. When the state descriptors finally719
reach a satisfactory level then the pressures must be having a limited (or720
mitigated) impact.721

722
5.2.3. Visualizing and communicating the status723

724
The outlined alternative approach also shows that concerns on integration across725
descriptors do not necessarily have to be a problem. There are some methods which726
have demonstrated that integrating the information into single values (Borja et al.,727
2011b), maps (HELCOM, 2010) or radar schemes (Halpern et al., 2012) is still helpful728
and informative for ecosystem management, despite the involved loss of information729
that is inherent to a single number. Information can be retained when always presenting730
that single number together with the main underlying data, ideally visualizing the731
different levels of aggregation, allowing the lookup of the status at any level and732
relating the status with the actual pressures that lead to the synthesized value.733

734
As an example, the Ocean Health Index (Halpern et al., 2012) provides weighted index735
scores for environmental health, both a global area-weighted average and scores by736
country (Figure 3). The outer ring of the radar scheme is the maximum possible score737
for each goal, and a goal’s score and weight (relative contribution) are represented by738
the petal’s length and width, respectively. This way of visualizing the integration could739
be adapted for the MSFD, integrating at the level of region or subregion, but also740
showing the values within each descriptor. This would still allow managers to extract741
relevant information and take actions at different levels: small (or local) scale, large742
(regional) scale, integrative (whole ecosystem status), or for each descriptor.743

744
Another example, applied specifically for the MSFD, using all descriptors and most of745
the indicators, can be consulted in Borja et al. (2011b). These authors studied a system746
in which the main driver for the whole area is fishing, whilst at local level some747
pressures such as waste discharges are important. Although the overall environmental748
status of the area was considered good, after the integration of all indicators and749
descriptors, two of the descriptors (fishing and food webs) were not in good status750
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(Table 5). Interestingly, biodiversity was close to the boundary to good status (Table 5),751
suggesting that the system could be unbalanced by fishing, but affecting various752
biological descriptors to different degrees. This means that the pressure must be753
managed to avoid problems in the future, especially because the descriptors already in754
less than good status showed a negative trend (Table 5).755

756
Hence, from the examples above and the given reasoning, both main choices are still757
useful: either integrate or not integrate information across descriptors. Irrespectively of758
which combination proposal(s) is adopted and at which level, the precautionary759
principle should always be followed in absence of more robust knowledge (Borja et al.,760
2013).As a summary, the pros and cons of each decision are shown in Table 6.761

762
6.- Proposed steps for combination763

764
As a possible approach for the combination of assessments we propose the following765
steps (Figure 4):766

767
- Assessments start at a low level, viz. the level of indicators and spatial scales768

that were defined for each specific indicator. This would result in assessment769
results for each indicator and each assessment area incorporating the levels of770
spatial assessment that was described as a nested approach (Step 1 - spatial771
scales).772

773
- Within one descriptor, this could result in a number of assessments for the774

different indicators, that all use the same scales for their assessment areas. This775
could be the case for descriptors like D5 and D8. In those cases, the assessments776
at indicator level can be aggregated to assessments at descriptor level for each777
assessment area, using suitable aggregation rules (Step 2 - aggregation within a778
descriptor). These steps are already commonly used procedures in OSPAR and779
HELCOM assessments for eutrophication and contaminants.780

781
- For other descriptors, the spatial scales for indicators may not be the same for all782

indicators. This could be the case for biodiversity, where a different spatial scale783
may be used depending on the species or habitat. Although integration of784
different biodiversity components and functional groups is required, methods785
need further development, and a number of EU projects are focussing on this786
issue.787

788
Aggregation up to this level gives a detailed assessment result that suits the information789
needs for identifying environmental problems and needs for measures. The result of790
those steps at European level would be a very high number of assessment results, for791
each descriptor and assessment area (comparable to presenting the WFD assessments at792
water body level).793

794
The following steps could provide information at a higher level of integration795
presenting the required overview of the current status of the overall environmental state796
and the progress towards GEnS:797

798
- Within a descriptor, the assessment results of all assessment areas within a799

subregion can be presented in a more integrated way (Step 3 - spatial800
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aggregation).801
802

o Generally, use of OOAO (if one assessment area fails GEnS, the whole803
subregion fails) is not useful, as it gives a very conservative result and is804
not informative. Also, if the pressure is highly localized this approach is805
not adequate, since the whole subregion could fail GEnS due to a single806
location (which, of course, will need specific management measures).807

o In some cases, for example if a pressure is more or less homogeneous808
across a whole subregion (fishing, shipping), it could be useful to apply809
OOAO810

811
- Percentage of surface area achieving GEnS: This could be a more useful812

approach, if the extent and intensity of a pressure can be quantified. For813
example, if the pressure is present in 45% of the surface area of a subregion, but814
the surface area not achieving GEnS is only 2%, it could be concluded that the815
subregion does not achieve GEnS in 2% of its area, where management816
measures are needed.817

818
- Other metrics819

820
For some descriptors, surface area may be a good measure to express status at a821
subregional level: for example, D5, D8, and D10. For other descriptors, surface area is822
not suitable but other metrics should be considered, e.g. D1: numbers of species/habitats823
failing to achieve favourable conservation status; D3: number of stocks failing to meet824
“Maximum Sustainable Yield”.825

826
The end result of Step 3 could present the level at which GEnS is achieved at827
subregional scale as a pie chart. The aggregation results of Step 3 could be integrated828
across descriptors in a final presentation per subregion, using methods such as radar829
plots, or methods similar to the Ocean Health Index (Step 4 - aggregation across830
descriptors). In this step, weighted approaches as suggested in previous sections would831
be considered.832

833
7.- Concluding remarks834

835
From the information provided in this overview, some conclusions can be highlighted:836

837
- Some kind of integration across indicators, criteria and descriptors is required to838

arrive at assessment of GEnS or ‘ecosystem health’.839
- Integration principles should be ecologically-relevant, transparent and documented.840
- Integrated assessment should not only present a classification result (primary841

assessment) but also address uncertainties and assess confidence of the classification842
result (as a secondary assessment). When carrying out an assessment at a specific843
scale, the decisions made in regard to integration principles/rules should be844
available as a sort of third assessment or backlog.845

- Assessments should be planned around the question(s) to be addressed and the846
tool(s) to be used. Monitoring should subsequently be designed to meet the847
requirements of the planned assessments.848

- This study provides information on combining methods to integrate ecosystem849
components to assess status and guidelines for scientists and managers on the steps850
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to be followed, when deciding on assessment scales and combination approaches.851
Integration of taxonomic, functional and key or keystone biodiversity components852
into an overall biodiversity assessment able to link to GEnS and to ecosystem853
service provision and the sustainable management of detrimental human activities is854
the next challenge.855
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Figure captions1100
1101

Figure 1. (a) Example of an integrated assessment of ecosystem health in the Baltic Sea1102
2003-2007 based on the HOLAS tool. (b) Screenshot to illustrate how the1103
HOLAS classification tool for the Gulf of Finland works. See HELCOM (2010)1104
for details. Courtesy by Helsinki Commission.1105

Figure 2. Diagram of a possible approach for aggregation of indicators and criteria and1106
integration of descriptors (D), using D6 as an example. For indicators and criteria1107
description, see Table 1.1108

Figure 3. Ocean Health Index scores (inside circle) and individual goal scores (coloured1109
petals) for global area-weighted average of all studied countries (modified from1110
Halpern et al., 2012).1111

Figure 4. Schematic view of steps for combination towards an assessment at subregional1112
level. GEnS: Good Environmental Status.1113

1114

1115

1116

1117

1118

1119
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Fig 11120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

HOLAS The HELCOM Ecosystem Health Assessment Tool.

Station/water body: Gulf of Finland Coordinates:

Biological Features RefCon Unit Resp. RefCon_score AcDev AcDev_score Status Status_score EQR Ind_Conf Weight QE_EQR QE status QE_Conf Weight

Average number of taxa 5,40 no of taxa - H M L 27% H M L 2,13 H M L 0,394 83% 15%
Chlorophyll-a Jun-Sep mean 1,20 µg/L + H M L 50% H M L 5,44 H M L 0,221 67% 10%
Abundance of Pseudocalanus minutus 3314,00 mg/m2 ww - H M L 50% H M L 1247,00 H M L 0,376 50% 15%
Herring spawning stock biomass (25-29, 32) 1360,00 1000 tons - H M L 40% H M L 468,00 H M L 0,344 83% 15%
Salmon stock, adviced catches 1,00 Catch, tons + H M L 50% H M L 99,00 H M L 0,010 50% 15%
Sprat spawning stock biomass (whole BS) 357,00 1000 tons + H M L 31% H M L 886,00 H M L 0,403 50% 5%
Abundance of Temora longicornis 1007,00 mg/m2 ww + H M L 50% H M L 1744,00 H M L 0,577 67% 15%
White-tailed sea eagle  brood size 1,85 nestlings - H M L 15% H M L 0,98 H M L 0,530 100% 10%
Add new indicator …

100% 0,351 BAD 69% 33%
Chemical Features Threshold

Value
Unit Resp. Status 1997-

2007
Contamination

Ratio
Ind_Conf Contaminati

on Sum
QE status QE_Conf Weight

Copper (Cu) in fish liver [biota] 10,5 mg/kg dw + H M L 11,28 H M L 1,074 50%
DDE pp in fish muscle [biota] 0,005 mg/kg ww + H M L 0,0017 H M L 0,340 75%
DDT pp in fish muscle [biota] 0,005 mg/kg lw + H M L 0,017 H M L 3,400 50%
HCHs, Sum of  [biota] 0,033 mg/kg ww + H M L 0,0004 H M L 0,012 100%
Hexachlorobenzene (HCB) [biota] 0,0167 mg/kg ww + H M L 0,0002 H M L 0,012 100%
Lead (Pb) fish liver [biota] 0,02 mg/kg dw + H M L 0,098 H M L 4,900 50%
Sum7PCBs in fish [biota] 10 µg/kg ww + H M L 0,00584 H M L 0,001 100%
Zinc (Zn) in herring liver [biota] 88,2 mg/kg dw + H M L 73,5 H M L 0,833 50%
PCB-153 [seafood] 0,1 mg/kg ww + H M L 0,286 H M L 2,860 75%
Cadmium (Cd) in fish muscle [seafood] 0,05 mg/kg ww + H M L 0,355 H M L 7,100 75%
Mercury (Hg) [seafood] 0,5 mg/kg ww + H M L 0,023 H M L 0,046 75%
Add new indicator …

100% 6,205 POOR 73% 33%

Supporting Features RefCon Unit Resp. RefCon_score AcDev AcDev_score Status Status_score EQR Weight QE_EQR QE status QE_Conf Weight

Secchi open-sea Jun-Sep mean 8,00 m - H M L 25% H M L 4,00 H M L 0,500 100% 33%
NO2+NO3 Dec-Feb mean 2,50 µM + H M L 50% H M L 8,30 H M L 0,301 83% 33%
PO4 Dec-Feb mean 0,50 µM + H M L 50% H M L 0,83 H M L 0,602 83% 34%
Add new indicator …

100% 0,469 POOR 89% 33%
77% 52% 93%

Final ecosystem health status: BAD

version 20100223 76,91% Final confidence rating: Class I

…enter the coordinates in WGS 1984 (e.g. 57.343, 20.564).

Status scoreThreshold
score

(a)

(b)
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Fig 21136
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Fig 31148
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Table 1. Descriptors, criteria and indicators selected by the European Commission1159
(2010), for ecosystem-based assessment and management of European seas, within the1160
Marine Strategy Framework Directive.1161

Descriptors Criteria Indicators
1. BIOLOGICAL
DIVERSITY is

maintained. The quality

and occurrence of habi-

tats and the distribution

and abundance of

species are in line with

prevailing physio-

graphic, geographic and

climatic conditions.

1.1. Species distribution 1.1.1. Distributional range

1.1.2. Distributional pattern within the latter, where appropriate

1.1.3. Area covered by the species (for sessile/benthic species)

1.2 Population size 1.2.1. Population abundance and/or biomass, as appropriate

1.3 Population

condition

1.3.1. Population demographic characteristics (e.g. body size or age class

structure, sex ratio, fecundity rates, survival/ mortality rates)

1.3.2. Population genetic structure, where appropriate

1.4. Habitat distribution 1.4.1. Distributional range

1.4.2. Distributional pattern

1.5. Habitat extent 1.5.1. Habitat area

1.5.2. Habitat volume, where relevant

1.6. Habitat condition 1.6.1. Condition of the typical species and communities

1.6.2. Relative abundance and/or biomass, as appropriate

1.6.3. Physical, hydrological and chemical conditions

1.7. Ecosystem

structure

1.7.1. Composition and relative proportions of ecosystem components

(habitats and species)

2. NON-
INDIGENOUS
SPECIES introduced by

human activities are at

levels that do not

adversely alter the

ecosystems.

2.1. Abundance and

state characterisation of

non-indigenous species,

in particular invasive

species

2.1.1. Trends in abundance, temporal occurrence and spatial distribution in

the wild of non-indigenous species, particularly invasive non-indigenous

species, notably in risk areas, in relation to the main vectors and pathways of

spreading of such species

2.2. Environmental

impact of invasive non-

indigenous species

2.2.1. Ratio between invasive non-indigenous species and native species in

some well-studied taxonomic groups (e.g. fish, macroalgae, molluscs) that

may provide a measure of change in species composition (e.g. further to the

displacement of native species)

2.2.2 Impacts of non-indigenous invasive species at the level of species,

habitats and ecosystem, where feasible

3. Populations of all

COMMERCIALLY
EXPLOITED FISH
AND SHELLFISH are

within safe biological

limits, exhibiting a

population age and size

distribution that is

indicative of a healthy

stock.

3.1. Level of pressure of

the fishing activity

3.1.1. Fishing mortality (F)

3.1.2. Ratio between catch and biomass index (hereinafter ‘catch/biomass
ratio’) (if analytical assessments yielding values for F are not available)

3.2. Reproductive

capacity of the stock

3.2.1. Spawning Stock Biomass (SSB)

3.2.2. Biomass indices (if analytical assessments yielding values for SSB are

not available)

3.3. Population age and

size distribution

3.3.1. Proportion of fish larger than the mean size of first sexual maturation

3.3.2. Mean maximum length across all species found in research vessel

surveys (3.3.2)

3.3.3. 95 % percentile of the fish length distribution observed in research

vessel surveys

3.3.4. Size at first sexual maturation, which may reflect the extent of

undesirable genetic effects of exploitation (secondary indicator)

4. All elements of the

marine FOOD WEBS,

to the extent that they

are known, occur at

normal abundance and

diversity and levels

capable of ensuring the

long-term abundance of

4.1. Productivity of key

species or trophic

groups

4.1.1. Performance of key predator species using their production per unit

biomass (productivity)

4.2. Proportion of

selected species at the

top of food webs

4.2.1. Large fish (by weight)

4.3. Abundance/distri-

bution of key trophic

4.3.1. Abundance trends of functionally important selected groups/species.

Detailed indicators need to be further specified, taking account of their
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the species and the

retention of their full

reproductive capacity.

groups/species importance to the food webs, on the basis of suitable groups/species in a

region, sub-region or subdivision, including where appropriate: (i) groups

with fast turnover rates (e.g. phytoplankton, zooplankton, jellyfish, bivalve

molluscs, short-living pelagic fish) that will respond quickly to ecosystem

change and are useful as early warning indicators, (ii) groups/species that are

targeted by human activities or that are indirectly affected by them (in

particular, by-catch and discards), (iii) habitat-defining groups/species, (iv)

groups/species at the top of the food web, (v) long-distance anadromous and

catadromous migrating species, and (vi) groups/species that are tightly

linked to specific groups/species at another trophic level

5. Human-induced

EUTROPHICATION
is minimised, especially

adverse effects thereof,

such as losses in

biodiversity, ecosystem

degradation, harmful

algae blooms and

oxygen deficiency in

bottom waters.

5.1. Nutrient levels 5.1.1. Nutrients concentration in the water column

5.1.2. Nutrient ratios (silica, nitrogen and phosphorus), where appropriate

5.2. Direct effects of

nutrient enrichment

5.2.1. Chlorophyll concentration in the water column

5.2.2. Water transparency related to increase in suspended algae, where

relevant

5.2.3. Abundance of opportunistic macroalgae

5.2.4. Species shift in floristic composition such as diatom to flagellate ratio,

benthic to pelagic shifts, as well as bloom events of nuisance/toxic algal

blooms (e.g. cyanobacteria) caused by human activities

5.3. Indirect effects of

nutrient enrichment

5.3.1. Abundance of perennial seaweeds and seagrasses (e.g. fucoids,

eelgrass and Neptune grass) adversely impacted by decrease in water

transparency

5.3.2. Dissolved oxygen, i.e. changes due to increased organic matter

decomposition and size of the area concerned

6. SEA-FLOOR
INTEGRITY is at a

level that ensures that

the structure and

functions of the

ecosystems are

safeguarded and benthic

ecosystems, in

particular, are not

adversely affected.

6.1. Physical damage,

having regard to

substrate characteristics

6.1.1. Type, abundance, biomass and areal extent of relevant biogenic

substrate

6.1.2. Extent of the seabed significantly affected by human activities for the

different substrate types

6.2. Condition of

benthic community

6.2.1. Presence of particularly sensitive and/or tolerant species

6.2.2. Multi-metric indexes assessing benthic community condition and

functionality, such as species diversity and richness, proportion of

opportunistic to sensitive species

6.2.3. Proportion of biomass or number of individuals in the macrobenthos

above some specified length/size

6.2.4. Parameters describing the characteristics (shape, slope and intercept)

of the size spectrum of the benthic community

7. PERMANENT
ALTERATION OF
HYDROGRAPHICAL
CONDITIONS does

not adversely affect

marine ecosystems.

7.1. Spatial

characterisation of

permanent alterations

7.1.1. Extent of area affected by permanent alterations

7.2. Impact of

permanent

hydrographical changes

7.2.1. Spatial extent of habitats affected by the permanent alteration

7.2.2. Changes in habitats, in particular the functions provided (e.g.

spawning, breeding and feeding areas and migration routes of fish, birds and

mammals), due to altered hydrographical conditions

8. Concentrations of

CONTAMINANTS are

at levels not giving rise

to pollution effects.

8.1. Concentration of

contaminants

8.1.1. Concentration of the contaminants mentioned above, measured in the

relevant matrix (such as biota, sediment and water) in a way that ensures

comparability with the assessments under Directive 2000/60/EC

8.2. Effects of

contaminants

8.2.1. Levels of pollution effects on the ecosystem components concerned,

having regard to the selected biological processes and taxonomic groups

where a cause/effect relationship has been established and needs to be

monitored

8.2.2. Occurrence, origin (where possible), extent of significant acute

pollution events (e.g. slicks from oil and oil products) and their impact on

biota physically affected by this pollution

9. CONTAMINANTS 9.1. Levels, number and 9.1.1. Actual levels of contaminants that have been detected and number of
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IN FISH AND OTHER
SEAFOOD FOR
HUMAN
CONSUMPTION do

not exceed levels

established by

Community legislation

or other relevant

standards.

frequency of

contaminants

contaminants which have exceeded maximum regulatory levels

9.1.2. Frequency of regulatory levels being exceeded

10. Properties and

quantities of MARINE
LITTER do not cause

harm to the coastal and

marine environment.

10.1. Characteristics of

litter in the marine and

coastal environments

10.1.1. Trends in the amount of litter washed ashore and/or deposited on

coastlines, including analysis of its composition, spatial distribution and,

where possible, source

10.1.2. Trends in the amount of litter in the water column (including floating

at the surface) and deposited on the sea- floor, including analysis of its

composition, spatial distribution and, where possible, source

10.1.3. Trends in the amount, distribution and, where possible, composition

of micro-particles (in particular micro- plastics)

10.2. Impacts of litter

on marine life

10.2.1. Trends in the amount and composition of litter ingested by marine

animals (e.g. stomach analysis)

11. Introduction of

energy, including

UNDERWATER
NOISE, is at levels that

do not adversely affect

the marine environment.

11.1. Distribution in

time and place of loud,

low and mid frequency

impulsive sounds

11.1.1. Proportion of days and their distribution within a calendar year over

areas of a determined surface, as well as their spatial distribution, in which

anthropogenic sound sources exceed levels that are likely to entail

significant impact on marine animals measured as Sound Exposure Level (in

dB re 1μPa 2.s) or as peak sound pressure level (in dB re 1μPapeak) at one

metre, measured over the frequency band 10 Hz to 10 kHz

11.2. Continuous low

frequency sound

11.2.1. Trends in the ambient noise level within the 1/3 octave bands 63 and

125 Hz (centre frequency) (re 1μΡa RMS; average noise level in these

octave bands over a year) measured by observation stations and/or with the

use of models if appropriate

1162
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Table 2. Approaches for combining different metrics, indicators or criteria to assess the1163
status, including the advantages and disadvantages of each approach, as1164
considered by the authors. Key: GEnS: Good environmental status.1165

1166

General
approach

Details of
method

Advantages Disadvantages
One-out all-out (OOAO)
principle

CIS (2003), Borja et al.
(2009a), Borja and
Rodríguez (2010), Ojaveer
and Eero (2011), Caroni et
al. (2013)

All variables have to
achieve good status

Most comprehensive
approach. Follows the
precautionary principle

Trends in quality are
hard to measure. Does
not consider weighting
of different indicators
and descriptors. Chance
of failing to achieve
good status very high.

As a variation, Tueros et
al. (2009) proposed the
Two-out all-out: if two
variables do not meet the
required standard, good
status is not achieved

More robust compared to
OOAO approach

See above

Averaging approach

Ojaveer and Eero (2011),
Shin et al. (2012)

Non-weighted: Variable
values are combined,
using the arithmetic
average or median

Indicator values can be
calculated at each level of
aggregation.
Recommended when
combined parameters are
sensitive to a single
pressure

Assumes all variables
are of equal importance

Weighted: Like the
previous method, with
different weights
assigned to the various
variables

Reflects the links
between descriptors
and avoids double
counting

High data requirements
Problem of agreeing on
weights

Hierarchical: With
variables defined at
different hierarchical
levels

Reflects the hierarchy
among descriptors and
avoids double counting
Different calculation
rules can be applied at
different levels

Problem of agreeing on
hierarchy

Conditional rules

Tueros et al. (2009),
Simboura et al. (2012),
Breen et al. (2012)

A specific proportion of
the variables have to
achieve good status

Focuses on the key
aspects (i.e. biodiversity
descriptors)

Assumes that GEnS is
well represented by a
selection of variables

Scoring or rating

Borja et al. (2004, 2010,
2011b), Birk et al. (2012)

Sum of weighted
scores

Different weights can be
assigned to the various
elements

Problem of agreeing on
weights. Metrics may not
be sensitive to the same
pressures

Multimetric
approaches

Rice et al. (2010),
Borja et al.
(2011a), Birk et al.
(2012)

Multi-metric indices Integrates multiple
indicators into one
value. May result in
more robust
indicators, compared
to indicators based on
single parameters

Correlations between
parameters can be an
issue. Results are hard to
communicate to
managers. Metrics may
not be sensitive to the
same pressures

Multi-dimensional
approaches

Shin et al. (2012)

Multivariate analyses No need to set rigid target
values, since values are
represented within a
domain

Results are hard to
communicate to
managers
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General
approach

Details of
method

Advantages Disadvantages
Decision tree

Borja et al. (2004, 2009b,
2013)

Integrating elements into
a quality assessment
using specific decision
rules

Possible to combine
different types of
elements, flexible
approach

Only quantitative up to a
certain level

Probabilistic

Barton et al.
(2008, 2012),
Lehikoinen et al.
(2013a, 2013b)

Bayesian statistics Produces a probability
estimate of how likely
the area is in GEnS;
managers can decide the
acceptable undertainty

Difficult to calculate

High-level
integration

HELCOM
(2010), Borja et
al. (2010, 2011b),
Halpern et al.
(2012), Tett et al.
(2013)

Assessment results for
three groups: biological
indicators, hazardous
substances indicators and
supporting indicators,
each applying OOAO

Reduces the risks
associated with OOAO
while still giving an
overall assessment

Technical details

1167

1168
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Table 3. Summary of Task Group approaches to aggregate attributes within a Descriptor1169
(Cardoso et al., 2010).1170

1171

Aggregation of attributes Descriptor
Integrative assessments (combining
attributes appropriate to local conditions)

D1 Biodiversity
D2 Non-indigenous species
D5 Eutrofication
D6 Seafloor integrity

Assessment by worst case (Descriptor not
in good status if any attribute is not OK)

D3 Commercial fish (3 attributes)
D4 Food webs (2 attributes)
D8 Contaminants (3 attributes)
D9 Contaminants in fish (1 attribute)
D10 Litter (3 attributes)
D11 Energy and noise (3 attributes)

1172

1173

1174
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Table 4. Options for determining if an area/regional sea is in Good Environmental Status (GEnS) (modified from Borja et al., 2013). Key:
OOAO: ‘one out, all out’ principle.

Option Decision rule Data requirements Pros Cons Examples in place

Either:

1. fulfilling all the indicators in
all the descriptors

All indicators are
met irrespective
of weighting
(OOAO)

Data needed for all
aspects on regional
seas scale

Most
comprehensive
approach

Unreasonable data
requirements; all areas will fail
on at least one indicator; may
include double-counting

None

Or:

2.fulfilling the indicators in all
descriptors but as a weighted list
according to the hierarchy of the
descriptors

Agreeing the
weighting

Data needed for all
aspects on regional
seas scale

Reflects the
interlinked nature
of the descriptors
and avoids double
counting

Unreasonable data
requirements; problem of
agreeing the weighting

HELCOM (2010);
Borja et al.
(2011b); Aubry
and Elliott (2006)

Or:

3.fulfilling the indicators just for
the biodiversity descriptor and
making sure these encompass all
other quality changes

All biodiversity
indicators are met
irrespective of
weighting

Data needed for all
components of
biodiversity

Focuses on the
main aspect

Assumes that the biodiversity
descriptor really does
encompass all others

Feary et al.
(2014)

Or:

4.create a synthesis indicator
which takes the view that 'GEnS
is the ability of an area to support
ecosystem services, produce
societal benefits and still
maintain and protect the
conservation features'

Integration of the
information from
different
descriptors and
indicators, and
evaluation of the
overall benefits

Data needed for the
indicators included in
that synthesis indicator,
valuation of the
ecosystem services and
benefits

Fulfils the main aim
of marine
management (see
text)

Requires a new indicator and an
agreement in the way of
integrate the information; trade-
offs between ecosystem services
and their beneficiaries require
either economic, ethical or
political evaluation and
decision, and cannot be based
only on ecological knowledge

Borja et al.
(2011b)

Or: then if an area has An expert judgement It may reflect the It may be too subjective (i.e. Bricker et al.
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5.have a check-list (ticking
boxes) of all the aspects needed

e.g. more than
60% of the boxes
ticked then it is in
GEnS

approach, based on
‘probability of
evidence’

state of the science;
if done rigorously
then it may be the
easiest to
implement

based on soft intelligence) (2003); Ferreira et
al. (2011)

Or:

6.have a summary diagram such
as a spiders-web diagram
showing the 'shape of GEnS
according to several headline
indicators’

The shape of the
diagram

Easy to understand
and show to
managers

The decision on when GEnS is
achieved

Halpern et al.
(2012)

Or:

7.not reporting the environmental
status but only the list of
pressures (i.e. on the premise that
if an area has no obvious
pressures then any changes in the
area must be due to natural
changes which are outside the
control of management)

No pressures in an
area sufficient to
cause adverse
effects

Quantitative maps of
pressures

Can be derived by
national databases,
mapping, pressure
lists

Relates to ‘cause’ rather than
‘effect’, difficult to set
boundaries between pressure
status classes: is it sufficient to
base the assessment on the list
of pressures, while those can
have very different spatial
extent and strength?

Aubry and Elliott
(2006); Halpern et
al. (2008);
Korpinen et al.
(2012); Solheim
et al. (2012)

Or:

8.a combination of all/some of
these when there are insufficient
data in some areas or for some
descriptors or indicators

Combination of
pressures and
descriptors data

Information
available from
Member States
reports

Either requires too much
information (hence
unreasonable) or too little
(hence inaccurate)

None
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Table 5. Example of an assessment of the environmental status, within the Marine
Strategy Framework Directive, in the Basque Country offshore waters (Bay of Biscay)
(modified from Borja et al., 2011b). EQS: Environmental Quality Standards; EQR:
Ecological Quality Ratio, both based upon the Water Framework Directive (WFD); NA:
not available. Trends: red colour, negative; green colour, positive (in both cases can be
increasing/decreasing, depending on the indicator).
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Table 6. Pros and cons of the decision of integrating the information across descriptors

Procedure Pros Cons

No integration - Direct detection of problems
(management needs) for each
descriptor

- Useful for local managers (close to
specific or local pressures)

- Reduces multiple accounting
- Easiest to implement

- Does not fulfil the main aim of marine
management in an integrative way

- Does not fully reflect the ecosystem-
based approach

- Difficult to compare across Member
States and regions

Integration (all

descriptors or a

subset)

- Progress towards GEnS relevant at
regional scale (comparable across
regional seas and countries)

- Environmental status defined in an
integrative way, as health of the
ecosystem (full ecosystem-based
approach)

- Most comprehensive approach
- Reflect the interlinked nature of the

descriptors
- Easy to communicate in policy and

societal domains

- Loss of information on specific issues,
obscuring the progress towards GEnS

- Can mask problems from specific
descriptors/pressures

- May include multiple accounting
- May be too subjective, as it typically

involves expert judgment


