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Abstract

The exploitation of renewable energies, in particular offshore wind farms (OWFs), is an expanding
sector which involves activities that may adversely affect the marine benthic ecology. Fit-for-purpose
monitoring is required with sufficient statistical power to detect ecologically meaningful changes,
but to date there have been no studies on the suitability of monitoring programmes applied to
OWFs. The theoretical relationship of sampling effort with precision in community estimates and
sensitivity of the analysis in detecting spatial changes was investigated, this latter assessed through
power analysis. Benthic community monitoring strategies and descriptors applied to UK OWFs were
used to interrogate real data variability in the marine environment. There was a general lack of
clarity in the survey rationale and hypotheses tested within OWF monitoring programmes hence a
lack of rigour in the survey design and statistical testing. Consequently the statistical properties of
monitoring strategies have been rarely assessed. Precision of mean estimates of benthic community
descriptors and the sensitivity to detect differences in the means increased with sampling effort. At
the average sampling effort applied in the OWF case studies (4 stations per impact type area and 3
replicates per station), the studies had a high probability of reliably detecting a =50% change
between areas in mean benthic species richness (S; 5 species). Due to their higher variability than S,
more stations per impact type area were required to reliably detect a ==50% change between areas
in mean benthic abundance (N; 5 stations) and mean biomass (B; 10 stations). Higher sensitivity and
precision of estimates of S, N and B was achieved with transformation of data. Understanding the
general implications of monitoring design on the sensitivity of the detection of spatial changes is
important, particularly when monitoring effort has to be adjusted due to logistic and financial
constraints. Although there is no ‘one-size-fits-all’ approach to marine environmental data
acquisition, this study guides researchers, developers and regulators in optimising benthic

monitoring strategies at OWFs.
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1. Introduction

All human activities in the marine environment have the potential to adversely affect the natural
system (Gray & Elliott, 2009). Renewable energy generating devices lessen the depletion of non-
renewable resources and have perceived lesser environmental effects (Gill, 2005). Offshore wind
generating capacity in particular is the most rapidly expanding sector of the renewable energy
industry (Wilson et al., 2010) and the UK is globally-leading this with as much capacity already

installed as the rest of the world combined (RenewableUK, 2014).

Offshore wind farms (OWF) produce 'green energy'. Their construction, operation and
decommissioning, however, may impact the composition and structure of benthic communities
through loss or change of habitat and physical disturbance of the seabed in ways that are difficult to
measure, minimize and mitigate (Gill, 2005; Wilson et al., 2010). Whether these effects constitute an
ecologically significant impact depends on their direction, duration, extent and magnitude, and on
the value and sensitivity of the receiving habitats and organisms (Boehlert & Gill, 2010; IEEM, 2010;
Wilson et al., 2010; Garel et al., 2014). Monitoring the condition of the benthos is a condition of the
operating license for an OWF. The developer has to prove that the OWF will not cause harm rather
than the regulator having to show that harm will occur (Gray & Elliott, 2009). Hence environmental
impact assessment (EIA) and response is urgently needed in the renewable energy sector (Inger et

al., 2009; Vaissiere et al., 2014) despite there being large knowledge gaps (Garel et al., 2014).

The European Directive 2011/92/EU requires that an EIA is carried out for the consent of projects
having significant effects on the environment, including OWFs (CEFAS, 2004). In the resulting
Environmental Statement (ES), the main stressors and receptors should be identified and the
significance of potential impacts assessed. The consenting process should test impact hypotheses in
construction and operation and validate predictions (Judd, 2012). The existing guidance for
monitoring and assessment of potentially impacting activities in the marine environment, including
OWFs (CEFAS, 2004; Judd, 2012; IEEM, 2010), inevitably can only be generic rather than a highly
prescriptive methodology, largely because of site—specificity and the questions being asked

regarding habitat distribution, diversity and heterogeneity (CEFAS, 2004; Judd, 2012).

Environmental monitoring usually aims to investigate changes relative to a defined baseline
condition or set of parameters to quantify any impact. Changes are assessed before and after
construction, during construction vs. pre-construction, inside vs. outside the wind farm array, while
also accounting for temporal and spatial natural variability (Judd, 2012). Sampling programmes
should allow hypothesis-testing statistical techniques usually based on a Before-After Control-Impact

(BACI) Paired-series approach or its modifications (Underwood, 1994; Ellis & Schneider, 1997).
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Whether the monitoring is aimed at assessing an impact or characterising spatial variability of
baseline conditions, an adequate sampling effort is required (CEFAS, 2004; Judd, 2012) to quantify
parameters with a certain level of precision and sufficient statistical power to detect the signal of
change, minimise the risk of Type | and Il errors and correctly reject the null hypothesis (Zar, 1999).
Power analysis is capable of informing sampling design during the planning stage of a study
(prospective power analysis; Cohen, 1988; Underwood & Chapman, 2003), and it can be applied also
after the data have been collected and analysed to evaluate the adequacy of a specific design in
detecting biologically meaningful patterns (retrospective power analysis; Andrew & Mapstone, 1987;

Thomas, 1997).

CEFAS et al. (2010) recently reviewed UK FEPA (Food and Environment Protection Act 1985) OWF
monitoring datasets to give preliminary recommendations on sampling adequacy, but to date there
are no studies specifically appraising the suitability of monitoring programmes to detect variability in
the status of the marine environment at OWF sites. The present study aims to integrate existing
experience to guide suitable monitoring strategies of benthic communities at OWFs. Survey data and
information from a selection of UK OWF monitoring studies were interrogated with the following
objectives: (1) to review benthic monitoring strategies applied to OWFs in the light of existing
guidance for EIA monitoring of benthic communities; (2) to assess the precision of mean estimates of
benthic community descriptors in relation to the sampling effort at the station level, and (3) to apply
power analysis in order to identify the overall most appropriate monitoring effort needed to detect

spatial variability in benthic communities with a certain statistical power.

2. Materials and methods

2.1. Dataset, survey strategies and benthic variables

The UK offshore wind energy generating sector comprises several licensing phases co-ordinated by
the Crown Estate (the landlord and owner of the seabed), with Round 1 launched in 2001, Round 2
in 2003 and Round 3 in 2010. Subtidal benthic survey data from a selection of Round 1 and Round 2
wind farms were compiled from ES and monitoring reports, the COWRIE (Collaborative Offshore
Wind Research into the Environment) website (http://www.offshorewind farms.co.uk) and also from

individual developers (Table B.1).

OWF benthic sampling regimes were summarised using several parameters, including sampling
method, number of surveyed stations and replicate samples collected per station. Non-parametric
analysis (Mann-Whitney U test) assessed differences between Round 1 and Round 2 OWF

monitoring programmes.
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Monitoring designs at the studied OWFs located sampling stations within and around development
sites, often by distinguishing areas based on the expected distribution of impacts generated by the
OWEF. Criteria for station allocations to sampling areas were derived from the description of
sampling regimes and survey maps as provided in the monitoring reports. According to these,
stations were located within the OWF area and in some cases within the near-field area of the wind
turbine foundations to determine scour effects. Stations were also often sited along the OWF cable
corridor, around the development site within one tidal excursion from it (e.g., within the area
affected by sediment transport and deposition; BOWind, 2007) or outside the tidal excursion to
represent control areas. All these areas were classified in this study respectively as DS (development
site), SA (scour assessment), CC (cable corridor), Sl (secondary impact) and reference/control sites
(RS). Survey strategies were reviewed in the light of existing guidance for monitoring benthic
communities and for EIA of OWFs. Primary benthic community descriptors (mean species richness S,
total benthic abundance N and biomass B) were derived from each dataset, depending on data

availability.

2.2. Power analysis and precision assessment

Power analysis was employed to investigate the theoretical relationship between the sampling effort
applied in monitoring designs and the size of the detectable change in mean S, N and B (Minimum
Detectable Effect Size, MDES). The sample variances used in the power analyses were derived from
ANOVAs on the benthic data collected at the studied OWF sites. By using data from a wide variety of

case studies our findings apply as measures of central tendency for the group as a whole.

The ANOVA model for the OWF study design is a 2-level nested ANOVA (Sokal & Rohlf, 1995). It
partitions the variance in the measured variables due to the main factor Area (factor A) and the
nested factor Stations within Area (factor B(A)), and tests for differences among Areas. The null
hypotheses tested in this study are no differences in the means of S, N and B among impact type
areas (HO: DS7SA7 CC#SI#RS). The minimum effect size (i.e., the difference between mean
values of the analysed variable) that can be detected by the ANOVA was calculated as

MDES = ®(P)-(2 a sy*)°° (Egn 1; Ling & Cotter, 2003), where P is the power of the statistical test, ®*
is the inverse of the normal distribution function @, a is the number of areas (groups) compared in
the analysis and sy? is the sample variance of group means. The term sy* was calculated for the 2
level nested ANOVA as the ratio between the mean square for the nested term (MSg(s)) and the
product of the number of stations per area (b) by the number of replicate samples per station (n)

(Ling & Cotter, 2003). After expressing MSg) as the ratio between the sum of squares for the nested
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term (SSga)) and the associated degrees of freedom (a(b-1)), the resulting formula for the calculation
of MDES was:

— m-1/py. | 255Bw)
MDES = ®*(P) nb(b_l)(Ean).

Equation 2 was used to identify the minimum effect size that could be detected with variable
sampling effort (combinations of n and b, with b ranging from 2-100 and n ranging from 2-10) with
an adequate level of power and significance. This was identified based on the five-eighty convention,
whereby acceptable significance and power levels are set at 0.05 (i.e., 5% chance of making a Type |
error) and 0.80 (i.e., 80% power or 20% chance of making a Type Il error) respectively (Di Stefano,
2003). The values for SSga) were derived from the ANOVA tables obtained after applying the test to
each dataset. Any decrease in the effect size detected by the test was considered as indicative of an

increased sensitivity of the analysis.

Power analysis, as described above, assumes a balanced nested ANOVA design. When this condition
was not fulfilled by the data, the design was balanced a posteriori by randomly selecting replicate
stations (minimum 3 per area) with similar sampling replication per station at each case study.
Before undertaking the analysis, the most appropriate transformation of the community variables
(chosen between no transformation, square root and logarithmic) was applied independently to
each case study in order to fulfil the assumptions of the applied parametric statistics (normality,
homogeneity of variances and independence of errors; Sokal & Rohlf, 1995). Case studies where the
data (transformed or not) did not fulfil the ANOVA assumptions were excluded from further analysis,

whereas where multiple transformation options were effective, these were all taken into account.

The precision of mean S, N and B estimates (raw or transformed data) associated with sampling
replication was calculated for each station (where replicate samples were available) and the overall
mean precision was derived for each study (based on the balanced designs above). Precision was
based on the ratio of the standard error to the mean (D; Andrew & Mapstone, 1987) and was
expressed as a percentage using the formula 100*(1-D). The relationship between precision and

mean estimate was assessed by means of Spearman’s correlation.

3. Results

3.1. Benthic survey strategies
Overall, data were obtained from 29 benthic monitoring programmes covering 19 OWF projects

(Table B.1). Most programmes (20) were undertaken before construction, for environmental
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characterisation and baseline monitoring, whereas surveys undertaken during or post-construction
respectively accounted for 2 and 7 studies. Macrobenthic data used here were obtained by either a
Day or Hamon grab (the latter being used on coarser sediments), both of 0.1 m? sampling area,
although ancillary sampling (using benthic dredges) was also undertaken in some cases (Table B.2).
With few exceptions (SyS98 and SyS05), the same grab sampling method was used in pre- and post-

construction monitoring at a single OWF site (Table B.2).

Most studies incorporated several benthic survey stations within and adjacent to the OWF, usually
with several control stations located away from the wind farm. Round 1 OWFs generally had a
smaller direct footprint and a smaller number of sampling stations compared to wider Round 2
OWFs (Tables B.1 and B.2), although the sampling density was higher in the former cases (1 to 6.5
stations per OWF area (km?); values mostly above 1.9) than in Round 2 projects (0.42 to 1.74
stations per OWF area; values mostly below 1.6). Differences between Round 1 and Round 2 OWFs

were statistically significant for all these variables (Mann-Whitney U test p<0.001).

Whilst most survey reports did not formally describe the type of sampling regime, the baseline (pre-
construction) and following (during or post-construction) surveys generally had stations arranged as
a systematic or random stratified pattern, with the strata including multiple impact areas (DS, SA,
CC, Sl) and control sites (RS). In some studies, stations were clearly and explicitly allocated to these
areas (e.g., BOWind, 2007), including also a formal identification of control areas (e.g. HG04 included
two control boxes with two replicated stations each; Table B.2). However, other survey reports
provided only a generic explanation on station selection (e.g., stating that stations were selected
with regard to the nature of the sediment in the area and the proposed position of the turbines,
without any further information given in the text; Titan, 2002), and maps of the OWF boundaries
and of the distribution of sampling stations had to be examined to allocate stations inside the
development area, along the cable corridor or outside the OWF. In the absence of further
information on the extent of the tidal excursion around the OWF, these latter stations could not be
assigned into secondary impact and reference stations, and they were arbitrarily allocated to the SI

category for the analysis in this study.

Individual stations typically had 3 replicates, except for stations in GS02 (2 replicates), SS02 (max. 2
replicate samples collected at only 4 stations) and SyS98 (single samples) (Table B.2). In some cases
not all replicate samples were processed, hence did not contribute to the assessment. The survey
designs used for Round 1 sites generally included replicate sampling at all or most of the stations,

whereas the Round 2 sites almost exclusively used a higher number of single grab samples (to obtain
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wider spatial coverage) with a lower number of stations (11 to 30 stations per survey) with replicate

sampling.

3.2. Sampling effort and detectable effect size

Two to 5 areas were surveyed in the OWF studies, with an overall average of 4 areas generally
including DS, SI, CC and RS. When considering only stations with replicate samples, the mean
number of stations per area (b) ranged 1 to 25 across the case studies, with also a marked variability
observed among areas within a single case study (Table B.2). Sampling designs were therefore
balanced and case studies LID01, SS02 and SyS98 were omitted from further analysis as no sufficient
replication (within stations or areas) was available (Table B.2). The most appropriate transformation
was applied to S, N and B data that allowed fulfilment of the ANOVA assumptions. As a result, the
subsequent analyses (power and precision of estimates) were carried out on different subsets of
case studies sharing similar data transformation and including between 2 and 13 case studies
dependent on the variable considered (Table B.3). ANOVA was applied separately to S, N and B (raw

or transformed data) in each of these case studies.

The MDES was calculated for variable combinations of n and b (sampling effort) by using sample
variances derived from the ANOVA applied to individual case studies and the results were averaged
across case studies (Fig. 1, Tables C.1, C.2 and C.3). The average MDES for each community
descriptor decreased with increasing sampling effort (Fig. 1, Tables C.1, C.2, C.3 and C.4). For the
purpose of interrogating the different community variables, the MDES calculated at the average
sampling effort applied across the case studies (n=3 and b=4) has been considered below. With this
sampling effort, the power analysis indicated a MDES between 18% and 113% (depending on the
case study) for S (42% average across case studies, i.e. a detectable change of 5.3 species), whereas
for N the MDES varied 49% to 68% (59% average, i.e. a change of 103.9 individuals 0.1m™). MDES
could not be calculated for raw B, as these data did not fulfil the ANOVA assumptions. A higher
sensitivity of the analysis was obtained with transformed data, with the average MDES decreasing to
35% and 28% for S and 50% and 61% for N, with square root and log transformation respectively. A
higher mean MDES (98%) was associated with biomass data (after square root transformation)
compared to the other community variables (Tables C.1, C.2 and C.3). The MDESs changed but the
patterns highlighted above were the same when considering examples of individual case studies
where data from multiple variables and/or different transformations were available and suitable for

the analysis (Table C.4).
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Figure 1. Change in minimum detectable effect size (MDES) with sampling effort (n and b). MDES is
expressed as percentage of the overall mean for the relevant community descriptor: (A) species
richness (untransformed data), (B) total benthic abundance (untransformed data). The actual
mean number of stations per area (b) in the case studies included in the analysis is shown by
symbols below the horizontal axis. Power of the tests is set at 80% and significance level is 5%.

3.3. Sample mean estimates and precision

Sample means were estimated with a mean precision ranging 56% to 92% (values >75% in most
studies) for S, whereas for N mean precision varied between 80% and 90% (Fig. 2). Data
transformation generally resulted in increasing the precision of mean S and N estimates within single
case studies (Fig. 2). This pattern was evident for S also when considering the overall mean precision
across the case studies, the increase in precision corresponding to a decrease in the variability of the
transformed variables within stations (as expressed for example by the coefficient of variation of the

data in Table C.1).
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Figure 2. Precision of sample mean estimates: (A) species richness, S; (B) total benthic abundance,
N; (C) total benthic biomass, B. Precision is shown for raw or transformed data, as per most
appropriate dataset used in the analysis (see Table B.3). Mean + SE for sample precision (bars and
whiskers) and sample mean values (raw data, as points) are given for the different monitoring
studies. Dataset ID codes are as in Appendix A.

4. Discussion

The reviewed documents on benthic monitoring at UK Round 1 and 2 OWFs emphasised that
sampling was explicitly designed to assess potential impacts, with pre-construction monitoring
assessing baseline conditions and subsequent monitoring (Round 1 projects only) assessing changes
in these conditions in response to the construction, presence and operation of OWF developments.
Surveys were planned in consultation with regulatory authorities and generally fulfilled the existing

guidance (particularly Boyd, 2002; Cefas, 2004; Ware & Kenny, 2011; Judd, 2012) and any
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recommendations within the licence required to construct and operate the OWF. Certain aspects of
the benthic sampling were broadly standardised, e.g. the use of 0.1m? grabs is common practice for
benthic monitoring, mostly dictated by a compromise between obtaining sufficient sediment and
unwieldiness of the grab (Gray & Elliott, 2009), although other sample unit sizes may have been
more cost effective (Ferraro and Cole, 1990). Other aspects of the survey design (e.g., number of
sampling stations, spatial coverage) were case dependent, due to the variability of site-specific

features of the development.

4.1. Limitations of applied designs for impact assessment

Lack of clarity with respect to the monitoring survey and sampling designs, objectives, and the
hypotheses to be tested in OWF benthic surveys (CEFAS et al., 2010) hinder evaluation of their
effectiveness (Judd, 2012).

Although the Before-After-Control-Impact (BACI) design is the most rigorous statistical design for
detecting environmental impacts (Green, 1979; Underwood, 1994), it couldn't be applied in the
studied OWF monitoring programmes due to the lack of before and after OWF construction data or
clear distinctions between control and impact areas. Instead of multiple control areas, a key element
of EIA survey designs (Underwood, 1994; Judd, 2012), the OWF survey designs investigated had
reference stations located generally in the direction of the main tidal flow, sometimes with
additional reference stations in other areas. The maximum distance of tidal excursion was generally
used as a criterion to distinguish control and impact areas, as recommended by CEFAS (2004) and
Judd (2012). However this information was not always given making it not possible to differentiate
control from impact stations. Although it is not a regulatory requirement of EIA monitoring
programmes, impact areas were further divided into subareas based on the expected distribution of
impacts generated by the OWF. The location and extent of the turbine grid and cable corridors were

generally used as criteria to identify near-field and far-field impact areas.

Seabed habitat type and its heterogeneity significantly affect natural variability in marine benthic
communities (Gray & Elliott, 2009) therefore it should be factored into sampling designs (Boyd,
2002; CEFAS 2004; Ware & Kenny, 2011; Judd 2012). Furthermore, appropriate identification of
control areas assumes this factor to be taken into account in the design, as controls are expected to
represent the range of habitats occurring in the area of potential impact (Underwood, 1994). It is
assumed here that existing hydrographic and sedimentological data at the studied OWF sites were
used to apportion sampling and place reference stations in broadly similar habitats to those inside
the development site (Boyd, 2002), but this information was rarely included in the survey reports.

Where geophysical surveys were used to inform on local habitat heterogeneity and further
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stratification of sampling stations by habitat was mentioned in the survey reports, no additional
details were given on the strata or the station allocation (e.g., Titan, 2002; RPS, 2008). Consequently,
this source of spatial variability could not be assessed, although its influence on the appropriateness
of the design and its results cannot be excluded.

Sampling of the study areas was often achieved by variable replication at both area and station level,
this variability occurring both between and within monitoring programmes, leading often to
unbalanced survey designs, in contrast with recommendations for the application of parametric
statistical analysis (Underwood, 1997). The density of stations was higher and sample replication
more frequent in baseline studies undertaken in the smaller Round 1 OWFs compared to their
Round 2 counterparts, where habitat characterization (through a higher number of stations with
single grabs located in the wider area) was generally combined with the baseline monitoring
(involving sample replication in a subset of stations). Morrisey et al. (1992) highlighted the
importance of nested replicated sampling at various spatial scales in order to fully test for temporal
or spatial patterns, and the sample replication within sampling stations is usually emphasised for
environmental monitoring (Boyd, 2002; CEFAS, 2004). However, it is noted that favouring replication
at the area level over that within stations is considered as the most efficient design, from both a
statistical perspective (lowest variance and higher power) and when cost limitations influence the
total number of observations allowed (Sokal & Rohlf 1995; Ling & Cotter, 2003). Where sample
replication occurred, 3 replicates were almost exclusively used, as recommended in CEFAS (2004),
although also five replicates are often used by regulatory bodies such as the Environment Agency
and CEFAS (e.g., UK National Marine Monitoring Programme) as a compromise of effort vs.
precision/cost effectiveness (e.g. Boyd, 2002). Overall, it was apparent that the choice of replication
within the studied OWF monitoring programmes was mostly the result of a pragmatic decision for
cost and effort as there was little or no use of pilot studies or power analysis to assess the necessary
sampling effort required to detect a given degree of change (although such information might not

have been included in the survey reports or ES examined).

4.2. Community estimate precision

The variability in quantitative estimates of the mean abundance or density of marine benthos is a
major issue particularly if the variance of replicate samples is higher than may be expected from
random variation (Parsons et al., 1984). The importance of assessing precision of community

estimates is related to the confidence in such estimates (Andrew & Mapstone, 1987).

The precision of mean community descriptors estimated at sampling stations at the analysed OWFs

highly varied with the type of descriptor, its value at the study site and the transformation applied.

12

© 2015, Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/



The observed variability in the community parameters can be considered typical for benthic surveys
(Elliott & O’Reilly, 1991), with precision decreasing from species richness to abundance to biomass
estimates, reflecting the increase in the inherent variability of these descriptors (Tokeshi, 1993).
That increasing variability reflects the control by the physico-chemical environment on the species
richness compared to the control by biological interactions and recruitment, predation etc. on the

abundance and biomass (Gray & Elliott, 2009).

A higher precision was associated when data were subject to transformation, this having an effect of
reduction in the sample data variability and variance stabilisation (Zuur et al., 2009), as confirmed by
the decrease in the coefficient of variability of transformed versus raw estimates. Again, the reduced
precision in abundance and biomass estimates compared to species richness is also likely ascribed to
the higher complexity of biological inter-relationships influencing the former variables compared to
the predominant effect of number of available habitats and niches on the species richness (Gray &
Elliott, 2009). Whilst there are no prescribed levels of precision recommended for benthic sampling,
typically a standard error of 5% of the mean (hence a precision of 95%) would be considered
satisfactory, although values between 10-25% (precision between 75-90%) have also been indicated
as acceptable in ecological research (Southwood & Henderson, 2000). Precision seldom reached 95%
in the analysed OWF studies (only in some cases with log-transformed abundance data or square
root transformed species richness), but the use of 3 replicates as applied in most OWF case studies
produced mean estimates with acceptable levels of precision between 75% and 90% for all
community descriptors except for biomass. This agrees with the higher variability of biomass data,
suggesting increased replication is needed to estimate this community parameter with a precision

similar to the others.

4.3. Data analysis, power & sensitivity

Traditional hypothesis-testing statistical techniques (e.g. ANOVA) are widely used in marine studies.
In the context of impact assessment at OWFs they could be employed to test differences in
community or environmental attributes over space (between stations or areas) and time (e.g. pre-
and post-construction). Despite this, rigorous statistical testing apparently has not been widely
described within existing wind farm benthic monitoring reports, perhaps due to the lack of clarity in
survey rationale and testing hypotheses. Instead, most studies applied hypothesis-generating
procedures in conjunction with expert judgement to summarise benthic community attributes and
assess potential impacts. Where hypothesis-testing analysis was applied (e.g. Emu, 2007), statistical
testing was largely confined to the Analysis of Similarities (ANOSIM), a non-parametric technique

available within the PRIMER package. Such a technique is sufficiently powerful to detect relatively
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subtle differences between communities (Somerfield et al., 2002) and may analyse nested
hierarchical designs, but, in contrast to other distance-based multivariate approaches (e.g.
PERMANOVA), it does not allow testing interactions between factors (e.g. temporal (before/after)
and spatial (control/impact)), this being essential to detect impacts within BACI-type designs
(Underwood & Chapman, 2003). The 2-level nested ANOVA applied in this study also does not fulfil
this requirement. Consequently, while our results inform OWF benthic monitoring as currently
practiced, one should not assume that they are transferable to studies with more appropriate

designs (e.g., BACI) for detecting impacts at OWFs.

Power analysis can be used to determine the adequate level of sampling effort that allows detection
of a real effect (of a set size) with a required power and significance (Cohen, 1988; Green, 1989).
However, despite this potential, power analysis remains a much under-used technique in ecology
(Andrew and Mapstone, 1987; Green, 1989), possibly because it requires the knowledge of several
parameters, including the variance estimate for the sample population, the statistical significance (a)
and power (1-B), and the effect size to be detected. While variance can be estimated using the
actual sample variance in existing studies (Thomas, 1997), and setting a at 0.05 is usually considered
adequate (Underwood & Chapman, 2003), often there is no clear a priori indication of what is the
adequate level of power. Furthermore, regulators are particularly imprecise regarding the level of
change to be detected - it was particularly notable and of concern that surveys were designed

without indicating the level of change to be detected.

The five-eighty convention, whereby acceptable power is set at 80% and statistical significance at 5%
(Cohen, 1988), is widely applied in ecology, hence attributing a higher importance to the cost of
making Type | error than Type Il error. This approach, however, is not exempt from criticism (Di
Stefano, 2003), as within EIA both errors might lead to undesired consequences (for the
environment and the development such as marine renewable energy) and in some cases a higher
cost of making a Type Il error has been suggested (Peterman, 1990). An even higher uncertainty is
associated with defining a priori what is the minimum change (e.g. in species richness) that is
biologically relevant. Setting scientific and social thresholds of significance relative to the
endangering of the marine environment is generally difficult (Koller et al., 2006). In OWF impact
assessment, this may be further hampered by the lack of knowledge on the likely size and scale of
impacts on benthos following construction and operation activities. Guidance for sewage sludge
disposal at sea is given whereby changes due to organic enrichment should not exceed 200% for
benthic abundance and 50% for species richness and biomass (Jones et al., 1994), but it is uncertain

if these levels could be applied to OWFs where the main effects are associated with structural
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habitat changes (Boehlert & Gill, 2010; Wilson et al., 2010). Rogers et al. (2008) considered a 10%
change when assessing the power of benthic surveys on offshore soft sediments, although the basis

for this more conservative threshold was not explained.

The average sampling effort applied in the OWF case studies (4 stations per impact type area, with 3
replicates per station) allowed detecting a change between areas of at least 50% of benthic species
richness (5 species). In turn, a higher level of sampling effort is required to detect a similar relative
change in benthic abundance (5 stations) and biomass (10 stations). In this study, as in Quintino et
al. (2012), data transformations had a positive effect on sensitivity and precision. If Rogers et al.'s
(2008) smaller effect threshold is considered, a much higher sampling effort would be required with
10 to 15 stations per area required to assess 10% changes in species richness, 15 to 20 stations for
abundance and 20 to 50 stations for biomass, depending on data transformation. This reflects the
high level of sampling effort highlighted by Rogers et al. (2008) for assessing offshore benthic
communities (particularly abundance and biomass). Although the changes as assessed here cannot
be explicitly associated with the effect of an impact, as the analysis was focused only on spatial
variability within OWF areas and the full BACI design could not be assessed, it is emphasised that an
impact removing 50% of the species in an area would be regarded as catastrophic and unacceptable

by regulators and conservationists.

The analysis applied in this study provides a conceptual framework for standardised tests that can be
applied to benthic monitoring data. Due to limitations in data availability, the habitat variability and
temporal (including impact-induced) changes could not be factored into the analysis, but their
inclusion in future monitoring designs is recommended to allow a more powerful impact assessment
of OWFs on the marine environment. Wilson et al. (2010) also highlighted the need for more post-
construction environmental auditing to allow checking the accuracy of predictions made during EIA
and determining the nature and amount of monitoring required. Notwithstanding the above
limitations, this study demonstrates a valuable tool for researchers, developers and regulators to
understand the implications of sampling design and its modifications (often unavoidable due to
logistic and financial constraints) for the sensitivity of the assessment of benthic communities at
OWFs, so that confidence in the results can be attributed and the most appropriate response
applied. However, there is the need for standardised protocols and clearer guidance on the
assumptions and requirements of monitoring programmes (e.g. the level of change to be detected),
and this needs to be agreed between the scientific community and regulatory bodies. In particular,
regulators and nature conservation managers have to be much clearer regarding the required

degree of change required to be detected by the monitoring. This is particularly important when
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considering that larger scale developments are planned within UK Round 3, where various potential
impacts ranging from point source to diffuse of unknown extent or severity may be compounded by
other activities and in-combination effects. Further research is also needed to investigate the power
of other community analysis statistical techniques especially, as shown by Gray & Elliott (2009), each
of a large suite of methods gives further information. In particular, multivariate analyses are often
considered more sensitive (hence powerful) in community changes detection than their univariate
counterparts (Clarke & Warwick 2001; Somerfield et al., 2002; Sampaio et al., 2011; Quintino et al.,
2012), but to date no theoretical statistical framework is available to formally quantify and compare

the power of these tests.
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Appendix A. OWF monitoring data sources - Reference list.

AMEC Wind and Offshore Wind Power Ltd (2002) Lynn and Inner Dowsing Offshore Wind Farms,
Biological Survey Report. Report 6113-02-02-09-kw-Skegness Benthic Survey Report, February 2002.

Barrow Offshore Wind Ltd (BOWind) (2005) Specifications for Pre-Construction, Construction and
Post-Construction Environmental Monitoring. Document SK/H/P40120/03/02/02/01Rev01, October
2005.

Barrow Offshore Wind Ltd (BOWind) (2007) Benthic & sediment survey: comparative analysis of pre-
and post-construction benthic and sedimentological data. Report P40120/25 (Rev 02), November
2007.

Barrow Offshore Wind Ltd (BOWind) (2008) Barrow Offshore Wind Farm Post Construction
Monitoring Report. First Annual Report FLS-034378, January 2008.

Centre for Marine and Coastal Studies (CMACS) (2005) Field Survey Report — Benthic Sampling using
Beam Trawls, Otter Trawls and Day Grabs in the Thames Estuary during 2003 and 2004. Report
J3010/01-05 for E.ON Renewables UK, January 2005."

Centre for Marine and Coastal Studies (CMACS) (2006) Burbo Bank Offshore Wind Farm - Pre-
construction Sub-tidal Benthic Ecology Investigation. Report 13034 Sub-tidal Benthic Ecology v1.0,
August 2006.

Centre for Marine and Coastal Studies (CMACS) (2007) Rhyl Flats Offshore Wind Farm, Benthic Grab
Survey 2006 Monitoring Report. Report J3039/04-07 v.1.0 for RWE npower renewables Ltd, May
2007.

Centre for Marine and Coastal Studies (CMACS) (2008a) Burbo Bank Offshore Wind Farm -
Construction Phase Benthic Grab Survey. Report 13034 During Construction Grab Survey v4 (04-08)
for SeaScape Energy.

Centre for Marine and Coastal Studies (CMACS) (2008b) North Hoyle Offshore Wind Farm, FEPA
Monitoring Report. Report J3003/07/v1.0 for npower renewables Ltd.

Emu Ltd (2002) Kentish Flats Proposed Windfarm Development Baseline Macrobenthic Ecology
Study. Final Report 02/J/1/03/0398/0291 for Global Renewable Energy Partners, August 2002.

Emu Ltd (2006) Kentish Flats Windfarm Development, Macrobenthic Ecology Study- 2005. Final
Report 05/1/1/03/0772/0510 for Kentish Flats Ltd, June 2006.

Emu Ltd (2007) Kentish Flats Windfarm Development, Macrobenthic Ecology Study 2006 Year 2 Post
Construction. Final Report 07/1/1/03/0947 for Kentish Flats Ltd.

Greater Gabbard Offshore Winds Ltd (2005) Greater Gabbard Offshore Wind Farm Environmental
Statement. October 2005

Hyder consulting Ltd (2003) Scarwather Sands Offshore Windfarm Environmental Statement. Report
NE02147/D5/2 for United Utilities Scarwather Sands Ltd, January 2003
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Institute of Estuarine and Coastal Studies (IECS) (2006a) Race Bank & Docking Shoal Operations
Report. Report ZBB685-FO-2006 for AMEC.

Institute of Estuarine and Coastal Studies (IECS) (2006b) Baseline Study of the Marine Ecology at the
Humber Gateway Offshore Wind Farm Development. Report ZBB649-F-2006 for Environmental
Resources Management, January 2006.

Institute of Estuarine and Coastal Studies (IECS) (2006c) Sheringham Shoal offshore wind farm:
Baseline benthic ecology. Report ZBB672 for SCIRA Offshore Energy Ltd, November 2006.

National Wind Power Ltd (NWP) (2003) North Hoyle Offshore Wind Farm, Baseline Monitoring
Report. Report NH/MonR/Rev 1, June 2003.

NPower Renewables (2004) North Hoyle Offshore Wind Farm, Environmental Statement. Chapter 5
Benthic Organisms.

NPower Renewables (2005) North Hoyle Offshore Wind Farm, Environmental Statement. Chapter 5
Benthic Organisms.

NPower Renewables (2006) North Hoyle Offshore Wind Farm, Environmental Statement. Chapter 5
Benthic Organisms.

Royal Haskoning (2005) Thanet Offshore Wind Farm Environmental Statement. November 2005.

RPS Planning and Development Ltd (2008) Preconstruction Benthic Ecology - Gunfleet Sands Offshore
Wind Farm Development. Report JER3713R281107TM (Revision 3) for Gunfleet Sands Ltd, February
2008.

RSK (2006) West of Duddon Sands Offshore Windfarm Environmental Statement. Non Technical
Summary. Report P40196 for Scottish Power, March 2006.

RSK (2007) Cirrus Shell Flat Array — Benthic Baseline Survey. Report RSK/He/40254/03/01_rev03 for
Scottish Power, September 2007.

Titan Environmental Surveys Ltd (2002) Gunfleet Sands Wind Farm Development - Benthic Survey.
Final Report CS0033b/D1/V2 for Enron Wind Gunfleet Ltd, May 2002.

Titan Environmental Surveys Ltd (2005) Walney Offshore Wind Farm Project - Baseline Benthic
Survey. Report CS0133/F1/V1 for ScottishPower Generation Ltd, October 2005.

Unicomarine Ltd (1999) Likely changes to the benthic fauna following development of the proposed
Sarah Jane Windfarm on Middle Scroby Sands. Report PowG99 for Power Gen, November 1999.

Unicomarine Ltd (2005) Benthic ecology of Scroby Sands windfarm site: results of July 2005 (post-
construction) survey and comparison with 1998 (pre-construction) survey. Report EONSCRO5 for
E.ON UK Renewables Offshore Wind Ltd, October 2005.
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Appendix B. Selected Round 1 and Round 2 wind farm projects and benthic monitoring designs

Table B.1. Selected Round 1 and Round 2 wind farm projects and data sources for collated benthic monitoring surveys (reference list on data sources is

given in Appendix A).

Offshore Wind Projects

Benthic monitoring

Name Developer c;;:i:t (I'I::::) Year Dev:lt(;,;?ent Da:;set Data Source
Round 1
Barrow DONG Energy & Centrica Operational 10 2004 pre-construction Ba04 BOWind, 2007
2007 post-construction Ba07 BOWind, 2005, 2007, 2008
Burbo Bank DONG Energy Operational 10 2005 pre-construction BBO5 CMACS, 2006
2006 construction BBO6 CMACS, 2008a
Gunfleet Sands DONG Energy & Operational 10 2002 pre-construction GS02 Titan, 2002
Marubeni 2007 pre-construction GS07 RPS, 2008
Kentish Flats Vettenfall Operational 10 2002 pre-construction KF02 Emu, 2002
2005 post-construction KFO5 Emu, 2006
2006 post-construction KF06 Emu, 2007
Lynn & Inner Dowsing Centrica Renewable Operational 10 2001 pre-construction LIDO1 AMEC & Offshore Wind Power,
Energy Ltd 2002
North Hoyle RWE Npower Renewables  Operational 10 2002 pre-construction NHO02 NWP, 2003
2003 construction NHO3 Npower renewables, 2004
2004 post-construction NHO04 Npower renewables, 2005
2005 post-construction NHO5 Npower renewables, 2006
2006 post-construction NHO6 CMACS, 2008b
Rhyl Flats RWE Npower Renewables  Operational 10 2006 pre-construction RFO6 CMACS, 2007
Scarweather Sands DONG Energy & E.ON Withdrawn 10 2002 pre-construction $S02 Hyder consulting, 2003
Scroby Sands E.ON UK Renewables Operational 10 1998 pre-construction SyS98 Unicomarine, 1999
2005 post-construction SyS05 Unicomarine, 2005
Cirrus Array (Shell Flats) DONG Energy, Shell & Withdrawn 27 2007 pre-construction SFO7 RSK, 2007

CeltPower
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Offshore Wind Projects

Benthic monitoring

Current Area Development Dataset

Name Developer status (km2) Year Stage D Data Source

Round 2

Docking Shoals Centrica Refused 35 2006 pre-construction DS06 IECS, 2006a

Greater Gabbard SSE renewables, RWE Operational 147 2004/05 pre-construction GGO05 Greater Gabbard Offshore
Npower Renewables Winds, 2005

Humber Gateway E.ON UK Renewables Under 35 2004 pre-construction HGO04 IECS, 2006b

Construction

London Array DONG Energy, E.ON Operational 245 2004 pre-construction LAO4 CMACS, 2005
Renewables & Masdar

Race Bank DONG Energy Approved 35 2006 pre-construction RBO6 IECS, 2006a

Sheringham Shoal Scira Offshore Energy Ltd Operational 35 2005 pre-construction Sh05 IECS, 2006¢

Thanet Vettenfall Operational 35 2005 pre-construction ThO5 Royal Haskoning, 2005

Walney DONG Energy, SSE Operational 73 2005 pre-construction Wa05 Titan, 2005
Renewables, Ampere
Equity & PGGM

West of Duddon Sands  Scottish Power & DONG Under 67 2005 pre-construction WDO05 RSK, 2006

Energy

Construction
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Table B.2. Summary of benthic surveys for selected Round 1 and Round 2 OWF sites. Number of benthic stations sampled for benthic invertebrates is given
in total and by impact type area with sampling replication given in brackets. Impact type areas are: DS, development site; SA, scour assessment; CC, cable
corridor; Sl, secondary impact; RS, reference (control) stations. Data availability in each case study is indicated for the main community descriptors (S,
species richness per sample; N, total benthic abundance per sample; B, total benthic biomass (as wet weight) per sample). Dataset ID codes are as per Table
B.1.

Offshore Wind Farm Projects Number of benthic stations (x replicate sample data available per station) Available data
Dataset Before/After Control Impact
ID Sampling Method Development  Total RS DS SA cc S| S N

Round 1

Ba04 Day Grab & Dredge Before 23 4(x3) 6(x3)+1(x2) 4(x3) 3(x3) 4(x3)+1(x2) X X

Ba07 Day Grab & Dredge After 22 4(x3) 6(x3)+2(x1) 3(x3) 2(x3) 4(x3)+1(x1) X X

BBO5 Day Grab Before 20 23(x3) 6(x3) 3(x3) 3(x3) 6(x3) X X

BBO6 Day Grab After 20 23(x3) 6(x3) 3(x3) 3(x3) 6(x3) X X

GS02 Day Grab Before 65 - 3(x2)+16(x1) - 1(x2)+5(x1) 8(x2)+32(x1) X X

GS07 Day Grab Before 23 - 8(x2°) 3(x2") 5(x2°) 7(x2") X X X

KF02 Hamon Grab Before 46 1(x3°)+1(x1) 3(x3¢)+11(x1) - 2(x39)+2(x1)  6(x3%)+20(x1) X X X

KFO5 Hamon Grab After 23 4(x3) 5(x3) 3(x3) 3(x3) 8(x3) X X X

KFO6 Hamon Grab After 23 4(x3) 5(x3) 3(x3) 2(x3)+1(x1) 8(x3) X X X

LIDO1 Hamon Grab Before 33 1(x19) 14(x19) - 3(x19) 15(x19) X X

NH02 Day Grab Before 17 4(x3) 4(x3) - 3(x3) 6(x3) X X

NHO03 Day Grab After 20 4(x3) 4(x3) 3(x3) 3(x3) 6(x3) X X

NHO04 Day Grab After 18 3(x3) 4(x3) 2(x3) 3(x3) 5(x3)+1(x2) X X

NHO5 Day Grab After 19 4(x3) 3(x3) 3(x3) 3(x3) 5(x3)+1(x1) X X

NHO06 Day Grab After 19 3(x3) 4(x3) 3(x3) 3(x3) 6(x3) X X

RF06 Day Grab Before 26 - 11(x3) 4(x3) 3(x3) 8(x3) X X

SS02 Hamon, Day Grab & Dredge Before 41 - 1(x2)+14(x1) - 5(x1) 3(x2)+18(x1) X X

SysS98 Day Grab & Dredge Before 38 - 20(x1) - 2(x1) 16(x1) X X

SyS05 Hamon Grab After 38 - 20(x3) - 2(x3) 16(x3) X X

SFO7 Day Grab Before 27 4(x3) 17(x3) - 4(x3) 4(x3) X X
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Offshore Wind Farm Projects Number of benthic stations (x replicate samples taken per station) Available data

Dataset Before/After Control Impact
ID Sampling Method Development  Total RS DS SA cc sl S N
Round 2
DS06 Hamon Grab Before 56 3(x3) 6(x3)+19(x1) - 3(x1) 3(x3)+22(x1) X X
GGO5 Modified Day Grab Before 95 - 9(x3)+47(x1) - 6(x1) 3(x3)+30(x1) X X
HGO04 Hamon Grab Before 54 4(x3) 8(x3)+12(x1) - 3(x3)+4(x1) 8(x3)+16(x1) X X
LAO4  Day Grab & Modified Day Grab Before 229 - 13(x3)+126(x1) - 5(x3)+15(x1)  6(x3)+64(x1) X X
RBO6 Hamon Grab Before 61 - 5(x3)+18(x1) - 3(x1) 6(x3)+29(x1) X X
Sh05 Day Grab Before 52 4(x3) 9(x3)+10(x1) - 6(x3)+5(x1) 6(x3)+12(x1) X X
ThO5 Hamon Grab Before 46 - 15(x3)+3(x1) - 9(x3)+3(x1) 15(x3)+1(x1) X X
Wa05 Day Grab Before 41 7(x3) 25(x3) - 3(x3) 6(x3) X X
WDO05 Day Grab & Anchor Dredge Before 28 3(x3) 19(x3) - 2(x3) 4(x3) X X
Notes:

2 One of the two RS stations was identified as possible reference station for the export cable route, with impacts expected here only if export cable
installation works caused significant disturbance (CMACS, 2008a). Although it was stated that this was not the case (CMACS, 2008a), it is noted that
this station most likely falls within the tidal excursion area around the wind farm development site, therefore its validity as RS, rather than S|, is
uncertain.

® Three replicate samples were collected in these stations, but only two samples per station were processed.

¢ Five replicate samples were collected in these stations, but only three samples per station were processed.

4 Three replicate samples were collected in these stations, but only one sample per station was processed.

© 2015, Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/



Table B.3. Data availability in selected Round 1 and Round 2 OWF case studies for the main
community descriptors: S, species richness per sample; N, total benthic abundance per sample; B,
total benthic biomass (as wet weight) per sample. Transformation applied to the data to fulfil
ANOVA assumptions is also indicated: None, no transformation required (raw data x used); Sqrt,
square root of (x+1); Log, logarithm (basis 10) of (x+1); -, data not included in the analysis, ANOVA
assumptions were not fulfilled (not even after transformation); empty cells indicate case studies
where data were not available or with no sufficient data replication to undertake the analysis.
Dataset ID codes are as per Table B.1.

Offshore Wind Farm Projects Data availability Data transformation
Dataset ID S N B S N B
Round 1
Ba04 X X - -
Ba07 X X None Sqrt, Log
BBO5 X X - -
BBO6 X X - -
GS02 X X None Log
GS07 X X X Log Log -
KF02 X X X Sqrt, Log Log -
KFO5 X X X Sqrt, Log Sqrt, Log Sgrt
KF06 X X X - Log -
LIDO1 X X
NHO02 X X None Log
NHO3 X X None -
NHO04 X X None -
NHO5 X X None, Sqrt None
NHO6 X X Log -
RFO6 X X None Sqrt, Log
S$S02 X X X
SyS98 X X
SyS05 X X X None Sqrt, Log Sqrt
SFO7 X X Sqrt, Log Sqrt, Log
Round 2
DS06 X X X - - -
GGO5 X X - -
HGO4 X X - Sqrt, Log
LAO4 X X Sqrt Sqrt, Log
RBO6 X X X Sqrt, Log Log Sgrt
Sh05 X X - -
ThO5 X X - -
Wa05 X X None -
WDO05 X X - None
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Appendix C. Minimum effect size detectable with ANOVA test on benthic community indicators
with variable sampling effort.

Table C.1. Minimum effect size detectable with ANOVA test on species richness (S, as raw data, and
square root- and log-transformed data) with variable sampling effort. Effect size values are given
both in terms of mean absolute (for raw data only) and % difference (for raw and transformed
species number), together with their range of variability (Min, Max) and confidence intervals (Cl,
95%) across the case studies; n is number of replicates per station and b is number of stations per
area. Mean, range (min, max) and variability (coefficient of variation CV%) are also given for mean S
(raw and transformed data) across case studies. Results are based on the analysis of 9, 6 and 6 case
studies for raw, square root- and log-transformed data, respectively (see Table B.3 for the details on
case studies included in the different datasets).

S (no. species/0.01m?)

Mean min max CV%
16.0 21 26.7 53.0
Effect size (S) Effect size (%S)
Cl Cl
n b Mean Min Max CIl -95% +95% Mean Min Max Cl -95% +95%
3 2 13.0 3.0 20.0 8.8 17.2 101.9 431 278.0 54.5 149.3
3 3 7.5 1.8 11.5 5.1 9.9 58.8 24.9 160.5 315 86.2
3 5 4.1 1.0 6.3 2.8 54 322 13.6 87.9 17.2 47.2
3 10 1.9 0.5 3.0 1.3 2.6 15.2 6.4 414 8.1 22.3
3 15 1.3 0.3 1.9 0.9 1.7 9.9 4.2 271 5.3 14.6
s 3 20 0.9 0.2 1.4 0.6 1.2 74 3.1 20.2 4.0 10.8
i 3 50 0.4 0.1 0.6 0.3 0.5 2.9 1.2 7.9 1.6 43
%‘ 3 100 0.2 0.0 0.3 0.1 0.2 1.4 0.6 4.0 0.8 2.1
©
g/ 5 2 10.1 24 15.5 6.8 13.3 78.9 33.3 215.3 42.2 115.7
<>’: 5 3 5.8 1.4 8.9 3.9 7.7 456 19.3 1243 244 66.8
% 5 5 3.2 0.7 4.9 2.1 4.2 25.0 10.5 68.1 13.3 36.6
:éf; 5 10 1.5 0.4 23 1.0 2.0 11.8 5.0 32.1 6.3 17.2
§ 5 15 1.0 0.2 1.5 0.7 1.3 7.7 3.3 21.0 4.1 11.3
% 5 20 0.7 0.2 1.1 0.5 1.0 5.7 24 15.6 3.1 8.4
~ 5 50 0.3 0.1 0.4 0.2 0.4 23 1.0 6.2 1.2 3.3
5 100 0.1 0.0 0.2 0.1 0.2 1.1 0.5 3.1 0.6 1.6
10 2 71 1.7 10.9 4.8 94 55.8 23.6 152.2 29.8 81.8
10 3 4.1 1.0 6.3 2.8 5.4 32.2 13.6 87.9 17.2 47.2
10 5 2.3 0.5 3.5 1.5 3.0 17.7 75 48.1 9.4 25.9
10 10 1.1 0.2 1.6 0.7 1.4 8.3 35 22.7 4.4 12.2
10 15 0.7 0.2 1.1 0.5 0.9 5.4 2.3 14.9 2.9 8.0
10 20 0.5 0.1 0.8 0.3 0.7 4.0 1.7 11.0 22 5.9
10 50 0.2 0.0 0.3 0.1 0.3 1.6 0.7 4.3 0.9 23
10 100 0.1 0.0 0.2 0.1 0.1 0.8 0.3 2.2 0.4 1.2
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Sqrt(S) Log10(S+1)

Mean min max CV% Mean min max CV%
3.7 2.7 5.0 241 1.0 0.9 1.2 12.3
Effect size (%) Effect size (%)
Cl Cl
n b Mean Min Max Cl -95% +95% Mean Min Max Cl -95% +95%
3 2 86.0 33.1 159.6 48.6 123.5 68.6 40.7 1228 43.1 94.2
3 3 49.7 191 92.1 28.0 71.3 39.6 23.5 70.9 24.9 54.4
3 5 27.2 10.5 50.5 15.4 39.0 217 12.9 38.8 13.6 29.8
3 10 12.8 4.9 23.8 7.2 18.4 10.2 6.1 18.3 6.4 14.0
3 15 8.4 3.2 15.6 4.7 12.0 6.7 4.0 12.0 4.2 9.2
s 3 2 6.2 24 11.6 3.5 9.0 5.0 3.0 8.9 3.1 6.8
i 3 50 25 0.9 4.6 1.4 35 2.0 1.2 3.5 1.2 2.7
%‘ 3 100 1.2 0.5 23 0.7 1.8 1.0 0.6 1.7 0.6 1.3
@
52_, 5 2 66.6 25.7 123.6 37.6 95.6 53.2 315 95.1 33.3 73.0
<>’: 5 3 38.5 14.8 714 217 55.2 30.7 18.2 54.9 19.3 421
% 5 5 21.1 8.1 39.1 11.9 30.2 16.8 10.0 30.1 10.5 23.1
E 5 10 9.9 3.8 18.4 5.6 14.3 7.9 47 14.2 5.0 10.9
é 5 15 6.5 25 121 3.7 9.3 5.2 3.1 9.3 3.3 71
S5 20 48 19 90 27 6.9 39 23 69 24 53
~ 5 50 1.9 0.7 35 1.1 2.7 1.5 0.9 2.7 1.0 21
5 100 0.9 0.4 1.8 0.5 1.4 0.8 0.4 1.4 0.5 1.0
10 2 471 18.2 87.4 26.6 67.6 37.6 223 67.3 23.6 51.6
10 3 27.2 10.5 50.5 15.4 39.0 217 12.9 38.8 13.6 29.8
10 5 14.9 5.7 27.6 8.4 214 11.9 71 21.3 7.5 16.3
10 10 7.0 2.7 13.0 4.0 101 5.6 3.3 10.0 35 7.7
10 15 4.6 1.8 8.5 2.6 6.6 3.7 22 6.6 2.3 5.0
10 20 34 1.3 6.3 1.9 4.9 27 1.6 4.9 1.7 3.7
10 50 1.3 0.5 25 0.8 1.9 1.1 0.6 1.9 0.7 1.5
10 100 0.7 0.3 1.2 0.4 1.0 0.5 0.3 1.0 0.3 0.7
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Table C.2. Minimum effect size detectable with ANOVA test on total benthic abundance (N, as raw
data, and square root- and log-transformed data) with variable sampling effort. Effect size values are
given both in terms of mean absolute (for raw data only) and % difference (for raw and transformed
abundance), together with their range of variability (Min, Max) and confidence intervals (Cl, 95%)
across the case studies; n is number of replicates per station and b is number of stations per area.
Mean, range (min, max) and variability (coefficient of variation CV%) are also given for mean N (raw
and transformed data) across case studies. Results are based on the analysis of 2, 7 and 13 case
studies for raw, square root- and log-transformed data, respectively (see Table B.3 for the details on
case studies included in the different datasets).

N (ind/0.01m?)
Mean min max CV%

1709 1316 210.3 32.5

Effect size (N) Effect size (%N)

Cl Cl

n b Mean Min Max Cl -95% +95% Mean Min Max Cl -95% +95%

3 2 2546 156.6  352.6 53.9 455.3 143.4 119.0 167.7 93.5 193.2

3 3 147.0 90.4 203.6 31.1 262.9 82.8 68.7 96.8 54.0 111.6

3 5 80.5 49.5 111.5 17.0 144.0 45.3 37.6 53.0 29.6 61.1

3 10 38.0 233 52.6 8.0 67.9 214 17.7 25.0 13.9 28.8

3 15 248 15.3 344 5.3 44 4 14.0 11.6 16.4 9.1 18.9
g 3 20 18.5 1.4 25.6 3.9 33.0 10.4 8.6 12.2 6.8 14.0
tC:L 3 50 7.3 4.5 10.1 1.5 13.0 4.1 3.4 4.8 27 5.5
3 3 100 3.6 22 5.0 0.8 6.5 2.0 1.7 24 1.3 2.7
g/ 5 2 1972  121.3 2731 41.7 352.7 111.0 92.2 129.9 72.4 149.7
<>': 5 3 113.9 70.0 157.7 241 203.6 64.1 53.2 75.0 41.8 86.4
% 5 5 62.4 38.4 86.4 13.2 111.5 35.1 29.2 411 229 47.3
B 5 10 294 18.1 40.7 6.2 52.6 16.6 13.7 19.4 10.8 22.3
§ 5 15 19.2 11.8 26.7 4.1 344 10.8 9.0 12.7 71 14.6
g 5 20 14.3 8.8 19.8 3.0 25.6 8.1 6.7 9.4 5.3 10.9
~ 5 50 5.6 35 7.8 1.2 10.1 3.2 2.6 3.7 21 43
5 100 2.8 1.7 3.9 0.6 5.0 1.6 1.3 1.8 1.0 21
10 2 139.5 85.8 193.1 29.5 249.4 78.5 65.2 91.9 51.2 105.8
10 3 80.5 49.5 111.5 17.0 144.0 45.3 37.6 53.0 29.6 61.1
10 5 441 271 61.1 9.3 78.9 24.8 20.6 29.0 16.2 33.5
10 10 20.8 12.8 28.8 44 37.2 11.7 9.7 13.7 7.6 15.8
10 15 13.6 8.4 18.8 2.9 243 7.7 6.4 9.0 5.0 10.3
10 20 10.1 6.2 14.0 21 18.1 5.7 4.7 6.7 3.7 7.7
10 50 4.0 25 55 0.8 71 22 1.9 2.6 1.5 3.0
10 100 2.0 1.2 2.7 0.4 3.5 1.1 0.9 1.3 0.7 1.5
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Sqrt(N) Log10(N+1)

Mean min max CV% Mean min max CV%
8.7 1.6 11.7 42.5 1.5 0.5 21 30.3
Effect size (%) Effect size (%)

Cl Cl
n b Mean Min Max Cl -95% +95% Mean Min Max Cl -95% +95%
3 2 122.2 51.1 241.9 73.5 170.9 76.7 258 239.8 43.5 109.9
3 3 70.5 29.5 139.7 42.4 98.6 44.3 149 1385 251 63.4
3 5 38.6 16.2 76.5 23.2 54.0 24.2 8.2 75.8 13.7 34.8
3 10 18.2 7.6 36.1 11.0 255 11.4 3.8 35.8 6.5 16.4
3 15 11.9 5.0 23.6 7.2 16.7 7.5 25 23.4 4.2 10.7
g 3 20 8.9 3.7 17.5 5.3 12.4 5.6 1.9 17.4 3.2 8.0
:—':_ 3 50 35 1.5 6.9 2.1 4.9 22 0.7 6.9 1.2 3.1
;_.; 3 100 1.7 0.7 34 1.0 24 1.1 0.4 3.4 0.6 1.6
g 5 2 94.6 39.6 187.4 56.9 132.3 59.4 20.0 185.8 33.7 85.1
<>': 5 3 54.6 22.8 108.2 329 76.4 343 115 107.3 19.4 491
% 5 5 29.9 12.5 59.3 18.0 41.9 18.8 6.3 58.7 10.6 26.9
E 5 10 141 5.9 27.9 8.5 19.7 8.9 3.0 27.7 5.0 12.7
§ 5 15 9.2 3.9 18.3 5.6 12.9 5.8 2.0 18.1 3.3 8.3
g 5 20 6.9 29 13.6 4.1 9.6 4.3 1.4 135 24 6.2
o 5 50 27 1.1 5.4 1.6 3.8 1.7 0.6 5.3 1.0 24
5 100 1.3 0.6 2.7 0.8 1.9 0.8 0.3 2.6 0.5 1.2
10 2 66.9 28.0 132.5 40.2 93.6 42.0 141 1314 23.8 60.2
10 3 38.6 16.2 76.5 23.2 54.0 242 8.2 75.8 13.7 34.8
10 5 21.2 8.8 41.9 12.7 29.6 13.3 45 415 7.5 19.0
10 10 10.0 4.2 19.8 6.0 14.0 6.3 2.1 19.6 35 9.0
10 15 6.5 2.7 12.9 3.9 9.1 4.1 1.4 12.8 23 5.9
10 20 4.9 2.0 9.6 2.9 6.8 3.0 1.0 9.5 1.7 44
10 50 1.9 0.8 3.8 1.1 2.7 1.2 0.4 3.8 0.7 1.7
10 100 1.0 0.4 1.9 0.6 1.3 0.6 0.2 1.9 0.3 0.9
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Table C.3. Minimum effect size detectable with ANOVA test on total benthic biomass (B, as square
root-transformed data) with variable sampling effort (raw biomass and log-transformed data could
not be tested as they never fulfilled ANOVA assumptions). Effect size values are given in terms of
mean % difference in (transformed) biomass, together with their range of variability (Min, Max) and
confidence intervals (Cl, 95%) across the case studies; n is number of replicates per station and b is
number of stations per area. Mean, range (min, max) and variability (coefficient of variation CV%)
are also given for mean B (transformed data) across case studies. Results are based on the analysis
of 3 case studies (see Table B.3 for the details on case studies included in the analysed dataset).

Sqrt(B)
Mean min max CV%
0.6 0.2 1.0 62.8
Effect size (%)
Cl
n b Mean Min Max Cl -95% +95%
3 2 239.4 1423 3614 107.4 371.5
3 3 138.2 82.2 208.7 62.0 214.5
3 5 75.7 45.0 114.3 34.0 117.5
3 10 35.7 21.2 53.9 16.0 55.4
3 15 23.4 13.9 35.3 10.5 36.3
g 3 20 17.4 10.3 26.2 7.8 27.0
tC:L 3 50 6.8 4.1 10.3 3.1 10.6
3 3 100 34 2.0 5.1 1.5 5.3
g/ 5 2 185.5 110.2  280.0 83.2 287.8
<>': 5 3 1071 63.6 161.6 48.0 166.1
% 5 5 58.6 34.9 88.5 26.3 91.0
B 5 10 27.6 16.4 417 124 42.9
§ 5 15 18.1 10.8 27.3 8.1 281
g 5 20 13.5 8.0 20.3 6.0 20.9
~ 5 50 5.3 3.1 8.0 24 8.2
5 100 2.6 1.6 4.0 1.2 4.1
10 2 1311 77.9 198.0 58.8 203.5
10 3 75.7 45.0 114.3 34.0 117.5
10 5 41.5 24.6 62.6 18.6 64.3
10 10 19.5 11.6 29.5 8.8 30.3
10 15 12.8 7.6 19.3 5.7 19.9
10 20 9.5 5.7 14.4 4.3 14.8
10 50 3.7 22 5.7 1.7 5.8
10 100 1.9 1.1 2.8 0.8 2.9
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Table C.4. Minimum effect size detectable with ANOVA test for different variables as calculated with variable sampling effort for example case studies
(dataset ID codes are as per Table B.1). Effect size values are shown as mean % difference; n is number of replicates per station and b is number of stations

per area.

2 level nested ANOVA (P 0.8, alpha 0.5)

Effect size (%)

NHO05 KF02 KFO05 SF07 RB06

n b S Sqrt(S) N Sqrt(S) Log(S) Log(N) Sqrt(S) Log(S) Sqart(N) Log(N) Sqrt(B) Sqrt(S) Log(S) Sqrt(N) Log(N) Sqgrt(S) Log(S) Log(N) Sqrt(B)
3 2 556 33.1 167.7 50.2 41.2 38.3 94.5 79.5 113.2 76.5 142.3 74.5 59.3 116.6 65.7 159.6 122.8 143.4 214.6
3 3 321 19.1 96.8 29.0 23.8 221 545 45.9 65.4 442 82.2 43.0 342 67.3 37.9 921 70.9 82.8 123.9
3 5 17.6 10.5 53.0 15.9 13.0 12.1 29.9 25.2 35.8 24.2 45.0 23.6 18.7 36.9 20.8 50.5 38.8 45.3 67.9
3 10 83 4.9 25.0 7.5 6.1 5.7 141 11.9 16.9 11.4 21.2 111 8.8 17.4 9.8 23.8 18.3 214 32.0
3 15 54 3.2 16.4 4.9 4.0 3.7 9.2 7.8 11.0 7.5 13.9 7.3 5.8 1.4 6.4 15.6 12.0 14.0 20.9
3 20 40 24 12.2 3.6 3.0 2.8 6.9 5.8 8.2 55 10.3 54 4.3 8.5 4.8 11.6 8.9 10.4 15.6
3 50 1.6 0.9 4.8 1.4 1.2 1.1 27 2.3 3.2 22 4.1 2.1 1.7 3.3 1.9 4.6 3.5 4.1 6.1
3 100 0.8 0.5 24 0.7 0.6 0.5 1.3 1.1 1.6 1.1 2.0 1.1 0.8 1.7 0.9 23 1.7 2.0 3.1
5 2 430 257 129.9 38.9 31.9 29.6 73.2 61.6 87.7 59.2 110.2 57.7 459 90.3 50.9 123.6 95.1 111.1 166.2
5 3 248 14.8 75.0 22.4 18.4 171 42.2 35.6 50.6 34.2 63.6 33.3 26.5 52.2 294 71.4 54.9 64.1 96.0
5 5 13.6 8.1 41.1 12.3 10.1 9.4 231 19.5 27.7 18.7 34.9 18.2 14.5 28.6 16.1 39.1 30.1 35.1 52.6
5 10 64 3.8 19.4 5.8 4.8 44 10.9 9.2 131 8.8 16.4 8.6 6.8 13.5 7.6 18.4 14.2 16.6 248
5 15 42 25 12.7 3.8 3.1 2.9 7.1 6.0 8.6 5.8 10.8 5.6 4.5 8.8 5.0 12.1 9.3 10.8 16.2
5 20 31 1.9 9.4 2.8 23 2.1 5.3 4.5 6.4 4.3 8.0 4.2 3.3 6.6 3.7 9.0 6.9 8.1 12.1
5 50 1.2 0.7 3.7 1.1 0.9 0.8 2.1 1.8 25 1.7 3.1 1.6 1.3 2.6 1.5 3.5 27 3.2 4.7
5 100 0.6 0.4 1.8 0.6 0.5 0.4 1.0 0.9 1.2 0.8 1.6 0.8 0.7 1.3 0.7 1.8 1.4 1.6 24
10 2 304 18.2 91.9 27.5 225 21.0 51.7 43.6 62.0 41.9 77.9 40.8 325 63.9 36.0 87.4 67.3 78.5 117.5
10 3 17.6 10.5 53.0 15.9 13.0 121 29.9 25.2 35.8 24.2 45.0 23.6 18.7 36.9 20.8 50.5 38.8 45.3 67.9
10 5 9.6 5.7 29.0 8.7 71 6.6 16.4 13.8 19.6 13.2 24.6 12.9 10.3 20.2 11.4 27.6 21.3 24.8 37.2
10 10 45 2.7 13.7 4.1 34 3.1 7.7 6.5 9.2 6.2 11.6 6.1 4.8 9.5 5.4 13.0 10.0 1.7 17.5
10 15 3.0 1.8 9.0 2.7 2.2 2.0 5.0 43 6.1 4.1 7.6 4.0 3.2 6.2 3.5 8.5 6.6 7.7 11.5
10 20 22 1.3 6.7 2.0 1.6 1.5 3.8 3.2 45 3.0 5.7 3.0 24 4.6 2.6 6.3 4.9 5.7 8.5
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10 50 0.9 0.5 2.6 0.8 0.6 0.6 1.5 1.2 1.8 1.2 22 1.2 0.9 1.8 1.0 2.5 1.9 2.2 3.4
10 100 04 0.3 1.3 0.4 0.3 0.3 0.7 0.6 0.9 0.6 1.1 0.6 0.5 0.9 0.5 1.2 1.0 1.1 1.7
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