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Abstract Benthic habitat condition assessments are a
requirement under various environmental directives.
The Marine Strategy Framework Directive (MSFD),
for example, challenges member states in a European
sea region to perform comparable assessments of
good environmental status and improve coherence
of their monitoring programmes by 2020. Currently,
North Sea countries operate independent monitoring
programmes using nationally defined assessment
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areas. Lack of an agreed OSPAR or EU scale moni-
toring method and programme has been identified as
a priority science need. This paper proposes a method
for the development of a coherent and efficient spa-
tial sampling design for benthic habitats on regional
level and gives advice on optimal monitoring effort
to get more accurate assessments. We use ecological-
ly relevant assessment areas (strata) across national
borders and test spatial sample allocation methods.

J. O’Connor
Joint Nature Conservation Committee, Inverdee House, Baxter
Street, Aberdeen AB11 9QA, UK

H. Reiss
Faculty of Aquaculture and Biosciences, Nord University, Postbox
1490, 8049 Bode, Norway

M. Vanden Berghe - S. Degraer

Operational Directorate Natural Environment, Marine Ecology
and Management, Royal Belgian Institute of Natural Sciences,
Vautierstraat 29, 1000 Brussel, Belgium

M. L. Zettler
Leibniz Institute for Baltic Sea Research, Seestraf3e 15,
18119 Rostock-Warnemiinde, Germany

S. N. Birchenough
Centre for Environment, Fisheries and Aquaculture Science
(Cefas), Pakefield Road, Lowestoft, Suffolk NR330HT, UK

J. Dannheim

Helmholtz Institute for Functional Marine Biodiversity,
Ammerlénder HeerstraBe 231, 26129 Oldenburg, Germany

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-019-7550-9&domain=pdf
http://orcid.org/0000-0003-2055-5292

423 Page2of 13

Environ Monit Assess (2019) 191: 423

Furthermore, we investigate the number of samples
needed in each stratum to reduce the variance for
estimating mean number of taxa and abundance.
The stratification needs to take into account the spa-
tial heterogeneity of the entire ecosystem. The total
sample effort is optimal when sample allocation takes
into account the size and benthic variability within
those strata. Change point analysis helps to find a
balance between sampling effort and precision of the
benthic parameter estimate. A joint sampling design
for the North Sea could be generated by combining
current efforts, and where needed adapting existing
national programmes. This serves a coordinated, re-
gion-wide, benthic condition status assessment and
strengthens regional cooperation to fulfil multiple
monitoring tasks, with a scientifically underpinned
common approach.

Keywords Benthos - Monitoring - Sampling design -
Stratification - Sample allocation - Coordination

Introduction

The benthic system plays an important ecological role
for the functioning of marine ecosystems (Braeckman
et al. 2010; Birchenough et al. 2012; Stief 2013; Gogina
etal. 2016a; Griffiths et al. 2017) and due to their sessile
behaviour, benthic species are excellent sentinel species
of temporal and chronic disturbances (Dauer 1993; Rees
etal. 2007). The benthos is considered for the evaluation
of the status of marine ecosystems under different Eu-
ropean environmental directives such as the Marine
Strategy Framework Directive (MSFD) (see Descriptors
1 [Biodiversity is maintained] and 6 [The sea floor
integrity ensures functioning of the ecosystem]), Water
Framework Directive (WFD) and Habitat Directive
(HD) (Borja et al. 2010). In general, three aspects re-
garding the benthic ecosystem are considered in those
directives; in relation to (1) benthic species distribution/
occurrence (e.g. biogenic reefs, benthic species of con-
servation importance); (2) benthic habitat distribution;
and (3) benthic habitat condition. The assessment of
species distribution can be based on field data and/or
modelling approaches (Reiss et al. 2015; Gogina et al.
2016b). The evaluation of benthic habitat distribution
can rely on habitat (model) mapping, which can be
determined by e.g. underwater acoustic techniques
(Galparsoro et al. 2013). For determining the benthic
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habitat condition, a wide variety of multimetric or mul-
tivariate indicators are developed to support obligations
under the EU environmental directives (Borja et al.
2007; Borja et al. 2011; Birk et al. 2012; Rice et al.
2012; Van Hoey et al. 2013; Teixeira et al. 2014). These
indicators rely on benthic samples taken in the field. The
adoption of appropriate spatial and temporal scales
whilst planning a monitoring programme is critical to
derive a robust habitat status classification with high
levels of confidence, regardless of the indicator type
used (Van Hoey et al. 2010; Clarke 2013; Borja and
Elliot 2013; Franco et al. 2015; Carstensen and
Lindegarth 2016). Such confidence is related to the level
of precision and sufficient statistical power where is
strived for to detect a certain signal of change with those
indicators (Rogers et al. 2008; Gray and Elliot 2009;
Franco et al. 2015).

Member states are free to choose their own way of
MSFD implementation (assessment method, sam-
pling technique or design), which make it a challenge
to perform comparable assessments of good environ-
mental status and improve coherence of their moni-
toring programmes on a European sea region. We
need for this a shift from local-orientated monitoring
to basin- and/or system-oriented monitoring (de
Jonge et al. 2006). Such design has the potential to
deliver data, which can detect trends or non-
compliance with a threshold or baseline value, lead-
ing to a well-defined management action towards
good environmental status (GES) (De Jonge et al.
2006; Ferreira et al. 2007; Borja and Elliot 2013).
These policy drivers have encouraged scientists to
consider more robust survey designs, sampling and
analytical methods with higher levels of confidence
and reduced costs (Van der Meer 1997; Berg et al.
2015; Hayward et al. 2015; Patricio et al. 2016). The
sampling resolution for a robust, regional monitoring
is a complex issue, as it must standardise the spatial
(all strata, size of strata, sample distribution, etc.) and
temporal (season, year-to-year) conditions combined
with the variability observed in ecosystem character-
istics within a region. Nevertheless, designing effi-
cient monitoring programmes on regional scale,
which are still lacking, should be encouraged to limit
expenses and effort. The level at which MSFD mon-
itoring programmes experience regional integration
varies between descriptors, ecosystem components
and indicators. Commercial fish stock monitoring
under the EU Common Fisheries Policy and its Data
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Collection Framework (also relates to MSFD de-
scriptor 3 [The population of commercial fish species
is healthy]) is a good example, as there is a coordi-
nated programme, with sampling designs defined on
a regional scale (across national boundaries) and
sampling protocols harmonised (e.g. IBTS manual;
ICES 2015). In contrast, the available evidence for
benthic biodiversity monitoring in the MSFD moni-
toring programmes of North Sea countries (Art. 11
reporting, 2015) suggests that there is a limited or
non-existing level of co-ordination, as those
programmes are nationally driven (Appendix). For
benthos, there is still a clear lack of a common mon-
itoring design and internationally agreed protocols
(e.g. different devices, sampling times, sieve sizes).
Nevertheless, there are two large-scale surveys, the
North Sea Benthos datasets collected in 1986 and
2000 (Heip et al. 1992; Kiinitzer et al. 1992; Rees
et al. 2007), which are valuable examples of how to
start a coordinated benthic monitoring over represen-
tative spatial scales with national support of North
Sea countries. The aim of this paper is to apply and
evaluate some new methodological elements (e.g.
stratification, allocation principles of sampling effort
and change point analysis) (Hufnagl et al. 2014;
Lavrakas 2008; Horvath and Rice 2014) to improve
the design and development of spatial benthic mon-
itoring over regional scales. This will provide already
valuable input for the upcoming revision process of
the MSFD monitoring programmes towards October
2020. The selection of the appropriate boundary con-
ditions for those methodological elements is instru-
mental to support a cost-effective and ecologically
meaningful regional benthic monitoring programme,
which will support the development of large-scale
seafloor assessments and the implementation of com-
mon regional indicators. The applicability of the
methodological elements is tested in this paper for
mean number of taxa and abundance of benthos.
Those benthic parameters were selected as most of
the ongoing benthic assessment methods rely on spe-
cies diversity indices and abundance related mea-
sures (Borja and Dauer 2008; Van Hoey et al.
2013). The paper uses the earlier monitoring data of
the North Sea (NSBP 1986 and 2000) to test and
provide guidance for developing a spatial design of
future regional monitoring programmes in such a
way that a maximal precision and accuracy is strived
for. Therefore, following elements of such

programme need to be optimised: (1) their stratifica-
tion process; (2) the spatial allocation of samples; and
(3) total sampling effort.

Previous benthic monitoring programmes (NSBS
1986 and NSBP 2000)

The datasets of the North Sea Benthos Survey of 1986
(NSBS 1986) (Heip et al. 1992; Kiinitzer et al. 1992)
and the North Sea Benthos Project of 2000 (NSBP
2000) (Rees et al. 2007) on benthic infauna are used
(Fig. 1a). These datasets compiled by the International
Council for the Exploration of the Sea (ICES) Benthos
Ecology Working Group (BEWG) are publicly avail-
able (http://www.emodnet-biology.eu/). The early
survey conducted in 1986 is carried out following a
standardised sampling procedure for the central and
southern North Sea (period April/May, grab sampling,
1 mm sieve) and an extensive grid survey of the
northern part in 1980-1985 (grab sampling, 0.5 mm
sieve) (Eleftheriou and Basford 1989; Heip et al. 1992;
Kiinitzer et al. 1992). Later surveys conducted during
2000 were not possible to standardise (mainly due to
different drivers related to national priorities and re-
search needs) and resulted in a more uneven distribution
of sampling stations (see details included in Rees et al.
2007). These datasets were collected mainly in spring
and early summer, with several tools (box corers, Day or
Hamon grab, Van Veen grab) and sieved on a 1 mm
mesh. Additional harmonisation work on the taxonomy
(synonymy, lumping of taxa, excluding non-benthic
species or rare species) was performed during benthic
expert workshops and integrated in the interface of the
database to facilitate further data analysis and integra-
tion (Rees et al. 2007; Reiss et al. 2010). A broad
comparison of data structure of the datasets was per-
formed, which provide reassuring evidence of their in-
tegrity. Therefore, it provides a sound basis for an eval-
uation of the North Sea benthos, whilst recognising that
sampling and analytical influence must also be
accounted for in interpreting results.

Evaluation of approaches to optimise spatial
monitoring conditions

Here, the three methodological elements (e.g. stratifica-
tion, allocation principles of sampling effort and change
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. 1986

Fig. 1 a The sampling design of the NSBP 1986 and 2000; b the
15 modified strata delineated from the spatial domain structure of
the North Sea ATLANTIS model (VECTORS project, Huthnagl
etal. 2014), overlaid with bathymetry. NL, Netherlands; UKS, UK

point analysis) to guide the design and development of
spatial benthic monitoring on regional scales are
outlined. Stratification and a proper allocation of the
sampling effort are essential aspects for obtaining a
robust assessment of benthic habitat condition over
large spatial scales (Van Hoey et al. 2010; Cabral and
Murta 2004).

Stratification process

The goal of stratification is to divide the survey area
into homogenous spatial units (strata) to obtain sim-
ilar measurements within each stratum, and clearer
differences among them (EUROSTAT 2008), in-
creasing the reliability of the measurements. Suitable
strategies for stratifying an area are well known, and
can be based on several environmental parameters
(Hufnagl et al. 2014; Kupschus et al. 2016) and/or
benthic species communities (Rees et al. 2007; Reiss
et al. 2010; Van Hoey et al. 2013), helping to opti-
mise the sampling design for a single indicator type
or ecosystem component. However, this stratification
strategy could hamper the integration across other
ecosystem components, which is a current

@ Springer
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south; UKN, UK North; CH, Channel; Ger, German strata; Sk,
Skagerrak; DB, Doggerbank; NCNS, Norther Central North Sea;
NorC, Norwegian Coast; OSN, Orkney/Shetland/Fladen Ground

requirement under the MSFD (assessing 11 descrip-
tors over a regional scale). Therefore, the ongoing
challenge is to consider an appropriate scale and level
of interaction for those descriptors. Particularly,
when studying marine ecosystems, for some compo-
nents (e.g. pelagic, benthic and fish), the habitats and
scales are not entirely the same and some habitat
variability is clearly observed across systems. Nev-
ertheless, at sea-basin scale, the co-occurrence and
habitat demarcation of different ecosystem compo-
nents are often triggered by the same environmental
drivers (e.g. Reiss et al. 2010; Kupschus et al. 2016),
which therefore can eventually form the basis for a
regional stratification. This is at least a more appro-
priate approach compared to the current administra-
tive strata (ICES subareas and divisions, per ICES
rectangles) for MSFD monitoring and assessment, as
they hardly concur with the regional drivers deter-
mining the occurrence of species and habitats. Nev-
ertheless, a stratification structure that forms a com-
promise between the need to account for spatial het-
erogeneity across the ecosystem and spatial manage-
ment units is needed as basis for regional manage-
ment (Link et al. 2010; Bossier et al. 2018). Such



Environ Monit Assess (2019) 191: 423

Page 50f 13 423

type of stratification for the North Sea is developed in
the EU project VECTORS, as the spatial domain
structure of the North Sea ATLANTIS model
(Hufnagl et al. 2014) and therefore taken forward in
this paper. This structure consists of 25 strata, which
are defined on a combination of using management
units, species compositions, hydrographic features,
bathymetry, sediment type and the influence of coast-
al processes such as river runoff. For executing this
exercise appropriately, only 15 strata were used by
pooling (3 English Channel polygons, the 5 Orkney-
Shetland polygons [only southern part]) or excluding
some of them (the boundary polygons) (Fig. 1b) to
correspond with benthic data availability. The stra-
tum NorC (Norwegian Coast) could not be used as
the 19862000 dataset contain only data from the
shallow coastal area, which is not representative for
the deeper Norwegian trench. The boundaries of the
main benthic habitats are in most cases in line with
the North Sea ecosystem stratification (EUNIS
habitat map; Reiss et al. 2010). For example, the
discriminated benthic assemblages Oysterground
(D22), offshore Southern North Sea-Doggerbank
(D11) and Northern-central North Sea (D21) in Reiss
et al. (2010) corresponds well with the respective
strata NL3, DB and UKN2-NCNS, as they are largely
influenced by large scale hydrodynamic variables,
depth and sediment characteristics, even for the in-
fauna communities (Reiss et al. 2010).

Such stratification created from an ecosystem per-
spective is likely to be more stable through time
(Hufnagl et al. 2014; Kupschus et al. 2016), irrespective
of population dynamics of species, and eventually in-
troduced species. As such, they deliver similar units
across ecosystem components, which is advantageous
for a regional MSFD assessment and monitoring. Con-
versely, it is less specific for some distinct areas with
species or habitats of conservation importance (e.g.
certain gravel beds, muddy habitat near estuaries,
Sabellaria or oyster reefs), as listed under the Habitats
Directive or Regional Sea Conventions (Van Hoey et al.
2004; Pesch et al. 2008). Such distinct areas need to be
considered separately, as subtypes, to minimise the in-
fluence on the monitoring requirements for the entire
stratum. Nevertheless, the use of a stratification structure
that is based on underlying general environmental
drivers, which affect spatial patterns for the entire eco-
system to a similar extent, is put forward here to be the
most suitable approach. The spatial domain structure of

the North Sea ATLANTIS model seems to be an appro-
priate starting point for the benthic monitoring.

Allocation principles

Beside the selection of a stratification scheme, sample
allocation to the strata is an important preliminary step
for sample surveys (Lavrakas 2008). It determines how
the samples are allocated to the strata, given a total
sample size and it influence the accuracy of a stratified
design. It can be undertaken in different ways, as (1) the
‘Equal allocation principle’ (E.a.), which allocates an
equal number of samples to each stratum; (2) the ‘Pro-
portional allocation principle’ (P.a.), which takes the
surface area of strata into account (i.e. larger strata get
more samples assigned than smaller ones); or (3) the
‘Neyman allocation principle’ (N.a.), which considers
the proportional surface area of each stratum and the
variability of the measured variable within each stratum.
For the N.a. principle, more samples are assigned to a
stratum with higher variability than to a similarly sized
stratum with lower variability. For each allocation prin-
ciple, the change in variance, as standard error of mean
abundance or species richness (Fig. 2), is estimated by
reducing the number of stations sequentially, n to N — 1,
N —2,..., n0 , where N is the entire number of stations
available from both benthic surveys and N, the absolute
minimum number of samples in a sampling scheme.
There is worked with sample replacement during this
procedure, in order to guarantee sufficient sample size in
strata with few stations. For each sample size n, the
estimates of total variance in mean number of species
or abundance are computed as weighted sums of strata
variances.

Our analysis revealed that the E.a. principle for sam-
ple allocation leads to a strong increase of variance for
the same sampling effort, compared to P.a. and N.a.
principle (Fig. 2). Using this principle for cost-
effective monitoring would lead to an underestimation
(e.g. offshore areas) or overestimation of sampling
needs, and is therefore not recommended. The differ-
ence in variance level between the P.a. and N.a. principle
are minimal for number of taxa, but slightly higher for
abundance with P.a compared to N.a. Nevertheless, the
N.a. principle provides the best precision (lowest vari-
ance) for estimating the mean for number of taxa or
abundance, given a certain total sample size. For exam-
ple, the standard error of mean number of taxa estimate
is higher by a factor 1 or more, if the total sampling

@ Springer
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effort is allocated over the strata by another principle
(i.e. E.a. or P.a.). This analysis illustrates that the selec-
tion of an appropriate allocation of your total sampling
effort (N.a. principle, which take into account size of the
strata and variability of the variables) can reduce the
uncertainty of the benthic monitoring programme up to
50%.

Determination of total sampling effort

The determination of sampling effort within a monitor-
ing programme is strongly driven by the available bud-
gets (Borja and Elliot 2013; Carstensen 2014; Patricio
et al. 2016). Nevertheless, it should mainly be based on
the goal of the monitoring programme, the precision
level (confidence) of the assessment strived for and the
ability to detect a given amount of human induced
impact (e.g. a threshold or a change of x% in a param-
eter) (Rogers et al. 2008; Carstensen and Lindegarth
2016; Franco et al. 2015), and taking into account the
natural variability of the biota (e.g. species richness,
abundance) within a stratum. Therefore, a generic rec-
ommendation regarding the minimum number of sam-
ples is unrealistic. Instead, the aim should be an agree-
ment on the minimum level of confidence and uncer-
tainty that would allow for the reliable identification
whether the target (e.g. Good Environmental Status)
has been achieved (Borja et al. 2010). These targets

@ Springer
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are still under development for several MSFD benthic
indicators (Van Hoey et al. 2013; Teixeira et al. 2014;
Van Loon et al. 2018). The objective for a regional
monitoring programme is to obtain data on the entire
area that minimise uncertainty in the assessment as
much as possible, i.e. to distinguish between human
induced change and natural variability. In this study,
the change point approach is proposed to find a realistic
compromise between sampling effort and precision of
the benthic parameter estimate. Sampling effort-
standard error graphs serve to explore the relationship
between the number of samples and the considered
variable standard error. Consequently, a multiple change
point detection algorithm is executed to determine the
optimal change point locations in the graph by
transforming the continuous effort-variance graphs into
segments with a consistent slope and intercept (Horvath
and Rice 2014). The number of change points in the
curve are validated statistically using the Bayesian In-
formation Criteria (BIC) (Table 1). This segmented
graph allows a sampling programmer to decide which
segment and accompanied sampling effort is satisfacto-
ry. The multiple change point detection approach is
realized in the R-package STRUCCHANGE (Zeileis
et al. 2002).

The application of the change point algorithm on the
previous North Sea benthic monitoring programmes
showed that an increase of sampling effort above 954—
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Table 1 Bayesian Information Criteria (BIC) values for change
point analysis (breaks) of the two parameters measured (species
richness and density)

O break 1break 2 breaks 3 breaks 4 breaks

Sprichness —1183.7 —45554 —6532.0 —7338.7 —7521.9
Density 12647.7 9279.4  7279.1 6455.2 6265.4

959 samples towards the total dataset (1525 samples)
would be of little or no benefit to reduce the variability.
The change of BIC is not significant in any of the
variables, if more than four change points are included
(Table 1). Moreover, the fourth break point is not further
considered, as the decrease in BIC value from three to
four breaks is rather small and to avoid overfitting. This
results in four different sections of the curve
(breakpoints at 395, 610-614 and 954-959 samples)
where the highest benefit in increasing the confidence
level can be reached. An effort lower than the first
change point is not advisable because it is still accom-
panied with relative high variance values. These analy-
ses and suggested sampling efforts give a direction on
how many samples are needed to cover variability. It
illustrates also that for estimation of number of samples,
a proper prior knowledge of the area is helpful. Never-
theless, the obtained values are indicative, and new
insights/data should be used continuously (or at least
every 6 year, MSFD cycle) to re-evaluate the sample
numbers and design. This is especially needed for the
strata where the specific effort estimates are less confi-
dent due to the low number of available samples (< 20)
(e.g. UKST, Sk1, UKNI1; Table 2).

Spatial monitoring design

The NSBP 1986 and 2000 show the benefit of exe-
cuting a North Sea wide survey for observing the
benthic ecosystem (Heip et al. 1992; Kiinitzer et al.
1992; Rees et al. 2007; Reiss et al. 2010; Kroncke
etal. 2011). However, these designs (fixed gridded in
1986 and unbalanced in 2000) were not optimal for
assessing benthic status on a regional scale (Rees
et al. 2007). In 1986, the fixed gridded design led to
an inadequate capturing of the benthic variability
within the different benthic habitats, whereas in
2000, due to an individual institutional driven moni-
toring, the information is sometimes biased by

oversampling of a certain area. Our results demon-
strate that an improved large-scale benthic sampling
design needs to be developed by distributing the sam-
pling effort across North Sea ecosystem strata by
concurrent consideration of the variance of benthic
characteristics and the strata’s surface area (based on
the Neyman allocation principle). The analyses fur-
ther showed that total sampling effort within a stratum
becomes larger (e.g. change point two, 790 samples)
compared to considering only one of them (e.g. spe-
cies richness and abundance with 611 or 615 samples
respectively), when considering the maximum effort
of one of the variables needed per stratum (Table 2).

In comparison to 1986 and 2000, more sampling
effort needs to be allocated to the deeper strata (NCNS,
OSN, UKN2) compared to the shallower strata (GER1,
NL1 and DB) for a regional monitoring (Table 2), which
seems to be driven by another benthic parameter. In
deeper areas (e.g. north-west North Sea area [UKNI,
UKN2, OSN], English Channel [CH1]) a higher sam-
pling effort is needed for species richness than for abun-
dance to obtain a confident assessment. The opposite
pattern is observed for some shallow strata, such as the
German Bight (GER1, GER2), Skagerrak (SK1) and
northern part of the Dutch shelf (NL3). For other strata
(Southern North Sea [UKS1, UKS2, NLI, NL2] and
Doggerbank [DB]), sampling effort for richness and
abundance does not vary that much. It is obvious that
there are differences in variance levels (standard error)
between species richness and abundance across the
North Sea strata, which must be taken into account for
implementing a more cost-effective monitoring design,
as also confirmed in other studies (Rogers et al. 2008;
Franco et al. 2015).

Way forward

Robust ecological monitoring is relative costly (ship
time, lab analyses, quality assurance/quality control
[QA/QC] measures), especially for offshore sampling
(Kingston and Riddle 1989; Eleftheriou and Mclntyre
2005; Rogers et al. 2008; Gray and Elliot 2009; Borja
and Elliot 2013). Therefore, efficiency will only be
gained by integrating the suggested region-wide sam-
pling programme into already ongoing monitoring at
member states level, rather than starting an additional
programme. At the North Sea scale, bordering countries
already conduct benthic monitoring activities

@ Springer
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Table 2 Overview of the different strata, their weight (area pro-
portion), the variance and the number of samples proposed to
include for the two parameters measured (species richness, abun-
dance), applying a Newman allocation at the first, second and third

change point. For comparison, the total number of samples during
the two sampling surveys (1986-2000) is given for each stratum
(last column). Area* = stratum weight proportional to area

Stratum name Area* Required samples number (I1th  Required samples number (2th  Required samples number (3th  # samples

change point) change point) change point) 1986 + 2000

Dens. # spp Total Dens. # spp Total Dens. # spp Total
CH1 0.024 2 8 8 3 12 12 5 19 19 509
DB 0.042 13 11 13 20 16 20 31 25 31 57
GER1 0.029 23 5 23 36 8 36 56 12 56 63
GER2 0.091 42 19 42 65 30 65 102 47 102 106
NCNS 0.208 187 147 187 290 226 290 452 355 452 89
NL1 0.029 7 4 7 11 7 11 18 10 18 315
NL2 0.057 6 9 9 9 15 15 14 23 23 110
NL3 0.068 22 12 22 35 18 35 54 27 54 93
OSN 0.137 20 50 50 31 78 78 49 121 121 36
Skl 0.031 29 10 29 43 16 43 67 25 67 4
UKN1 0.040 6 22 22 10 33 33 15 52 52 18
UKN2 0.159 23 68 68 36 105 105 56 165 165 66
UKS1 0.027 10 12 12 16 18 18 25 29 29 13
UKS2 0.058 6 9 9 10 29 29 16 45 45 33
Total 1 396 396 501 615 611 790 960 955 1234 1512

(Appendix); these are mainly national surveys to fulfil
the demands under the ongoing EU Directives. In gen-
eral, more benthic monitoring studies and datasets have
become available, as benthic monitoring is also part of
the Environmental Impact Assessment for specific ac-
tivities (e.g. wind farms, aggregate extraction sites),
which are mostly not considered as potential data source
for MSFD (e.g. samples from control areas). Hence, the
North Sea-wide sampling should be designed based on
the available monitoring information or at least should
consider the availability of this data, to meet the data
needs per stratum (Table 3). Considering that the sam-
pling of these studies is well spread within a stratum,
they can be revisited on each sampling occasion to allow
a better comparison over time. This temporal variability
determination needs further attention once a spatial
monitoring strategy is set up and should at least cover
the time interval related to the EU legislation (6 years for
MSFD assessment cycle). Therefore, the sample effort
within this time interval will also depend on the level of
change and precision you want to detect (cf power
analyses) (Franco et al. 2015). This may include further

@ Springer

optimization of the functional design of existing moni-
toring locations, e.g. by shifted data needs per strata
(Table 2), areas of interest (MPAs), inclusion of long-
term monitoring stations and political or ecological con-
straints. Eventual extra costs (ship time) can be reduced
by collecting benthic samples during other cruises (ships
of opportunity, e¢.g. demersal fish surveys) (Shephard
et al. 2015; ICES 2016). To achieve such an integrated
benthic monitoring programme based on national initia-
tives, an official international coordination group, with-
in existing regional frameworks (e.g. ICES, OSPAR,
HELCOM), will need to be established to facilitate
and integrate the discussion on how harmonisation of
the monitoring designs and sampling protocols could be
efficiently achieved. Common guidelines with incorpo-
ration of QC/QA, based on the existing ISO 16665 norm
and Rumohr (2009), are sorely needed and have to
ensure that the sampling, data management and the
resulting datasets are comparable (Lampadariou et al.
2005; Kroncke et al. 2011). For supporting such pro-
cess, a multinational dedicated funding scheme need to
be set-up to ensure regional wide participation.
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Benefits and risks of coordinated monitoring

Implementing a coordinated monitoring for benthos on a
regional scale could have a broad range of benefits as well
as risks. The collected data can fulfil multiple purposes by
coordinating and integrating existing monitoring (national
survey’s, long-term monitoring, industry monitoring) into
a regional programme which increases the scientific and
monetary value of each dataset. The newly acquired
datasets will need to be stored in international data net-
works and comply with INSPIRE standards for easy ac-
cess (e.g. http://www.eurobis.org/). The sampling designs,
techniques and protocols used will also benefit from the
knowledge exchange between countries. At the same time,
agreeing on integrated and harmonised monitoring
protocols (cf. ISO 16665 norm; Kingston and Riddle
1989; Lampadariou et al. 2005; Degraer et al. 2007;
Rumohr 2009) before undertaking monitoring will lead
to regional datasets of higher quality. This in turn will
reduce the work and costs related to harmonisation or
calibration of sampling methodologies (Rees et al. 2007,
Vanden Berghe et al. 2009). This new set of integrating
monitoring strategies will require changes in the common
monitoring practices at institutional and member state
levels. As such, standardised and quality-controlled
datasets, with higher level of detail, could be made avail-
able for various initiatives such as modelling purposes,
habitat mapping, species distribution and benthic indicator
applications (Galparsoro et al. 2012; Reiss et al. 2015).
Regional scale-based monitoring programmes can
depend on national initiatives, but will only be achieved
if all countries and institutions support such an ap-
proach. The accuracy obtained with such an integrated
programme depends if a common denominator can be
found within those programmes and a certain level of
harmonisation is acceptable (e.g. Appendix). At least,
additional sampling costs would be minimised with
such an approach, but some duplication of effort during
sampling practices cannot entirely be excluded, due to

differing aims under the various ongoing monitoring
programmes. Such integration processes are time-con-
suming, but the regional focus of the MSFD Directive
and the regional conventions are the ideal driver for
stimulating the development of efficient and robust
monitoring programmes, integrating several ecosystem
components, habitats and pressures through simulta-
neous monitoring. This will also enable a better scien-
tific understanding of the benthic system on a larger
scale, a thorough joint GES assessment and allow for a
more effective response to pressures affecting it. There-
fore, it is the perfect time and more than needed to make
this step forward to strive for an improved, region-wide
MSFD monitoring programme by 2020 for the benthic
ecosystem. Nevertheless, those suggested methodolog-
ical elements to optimise a regional monitoring pro-
gramme are applicable worldwide.

We finally want to stress that a region-wide monitor-
ing scheme for benthos aiming a region-wide assess-
ment of the benthic condition does not exclude any more
detailed extra monitoring effort targeting aspects of
more local interest. Participating member states can of
course always choose to do more as to target assets of
local value or impacts of specific human activities. The
critical point here is to agree on the minimum sampling
scheme for region-wide assessments.
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