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Summary of the key issues related to survey strategy and design.

The key issues in designing a monitoring study are:

· Defining the hypotheses to be tested - what differences are to be detected and where

· Determining the number of replicates needed to detect differences with adequate statistical power

· Deciding how to distribute replicates 

Monitoring should be prospective, not retrospective (Posford Duvivier Environment & Hill, 2001).  In retrospective monitoring programmes the types, magnitudes, and extent of adverse impacts are not defined beforehand.  Sampling is just ‘done’ according to some general design and results are interpreted.  Far too many ‘monitoring’ programmes are of this type.  The US EPA (1997) states that the most fundamental step in the development of a monitoring programme is to define the goals and objectives.  The changes to be detected should be stated unambiguously and quantitatively, or if not quantitatively at least falsifiably.  In other words the null hypothesis should have a clear, testable, alternative.

H0:  There is no difference in community structure.

This is a weak null hypothesis.  The logical alternative is that there is a difference in community structure, but it does not state what is to be measured.  There is an infinity of possible measures of community structure ranging from abundances of individual species to indices to multivariate similarities.  It does not state how much change is to be detected.  With enough sampling it will always be falsified, as a difference in some measure of community structure, even a tiny difference in average abundance, is inevitable.  We cannot calculate how much power a design will have, or consequently how many replicates are required.  If we fail to detect a difference with no knowledge of power we cannot conclude that there is no difference.

H1:  Average abundance decreases by 10 %

This is a testable alternative.  We can calculate average abundance (the variable of interest).  With knowledge of variability in abundance (residual standard error from the pilot or baseline surveys for example) we can calculate the number of replicates required to detect a 10 % difference (the effect size) with predefined errors (Type I, the chance of concluding there is an effect when there is none; Type II, the chance of concluding there is no effect when there is one).  Although there is no framework for determining power in similarity-based multivariate analyses we can be reasonably confident that a survey designed to have adequate power in a univariate context will also have adequate power for the detection of differences in multivariate analyses (see Somerfield et al. 2002).  In what follows we will use the term ‘community structure’ to imply any measure of community structure, with the explicit assumption that alternative hypotheses are stated in testable ways.

We must define where changes are to be detected.  

H0:  There is no difference in community structure between a ‘representative station’ in the dredged area and one in a reference area.

H1:  There is a difference in community structure between a ‘representative station’ in the dredged area and one in a reference area.

Explicit in these hypotheses is the fact that ‘representative stations’ are to be compared.  If we have followed the guidelines above we should know how many replicates are required to detect an effect.  We still have a problem.  The hypotheses refer to ‘a reference area’.  As such they are poorly defined and we do not know where to place the sampling station.  It could be anywhere other than in the dredged area.  This may be a trivial point but it is included to demonstrate how exact one has to be in formulating hypotheses and their alternatives.  More importantly, the exact formulation of the hypotheses determines the appropriate distribution of the replicates and the inference that may be drawn from consequent statistical analyses.  

In this case we must take replicate samples to determine the variables of interest and their variability at ‘representative stations’.  We may do so, and determine whether differences are significant.  This is in essence what the DTLR 2002 guidelines tell us to do.  Unfortunately the only conclusions we can draw from the analysis are about the two stations.  If we draw any conclusions about the areas in which the stations are located we are committing pseudoreplication (Hurlbert 1984), that is the testing for treatment effects (the effects of dredging) with an error term inappropriate to the hypothesis being considered.  We have not estimated the variability in the dredged area or in the reference area, only in small parts (‘representative stations’) of each area.  While the regulatory authorities may decide that an approach to monitoring the effects of dredging based on ‘representative stations’ is sufficient, it makes little sense from a statistical point of view and will almost certainly lead to pseudoreplication, which requires a combination of sampling design and statistical analysis which is inappropriate for the hypothesis of interest.  Concentrating on ‘reference stations’ also misses one of the most likely effects of dredging disturbance, namely a change in variability within the dredged area, and also within areas subject to dredging-related disturbance.  The area directly impacted by the dredge head is small compared to the dredged area as a whole.  If a dredger happens to pass across a ‘representative station’ prior to sampling a large effect may be observed.  If it passes nearby a smaller effect may be observed.  If it passes 50 m away no effect at all may be apparent, but the dredged area is still being impacted.  Hypotheses should be formulated in such a way that replicates are distributed in space (and/or time) to detect potential changes that may be attributable to dredging impacts.  

Finally, the detection of differences which may be related to dredging disturbance should not be goal in itself.  Monitoring should function as a key component in management.  The questions of interest are, therefore, complicated.  We do not simply wish to know whether some areas are different to others.  We also wish to know whether observed differences are confined to those areas, or are spreading.  This requires that hypotheses be constructed which allow us to determine these things.

Let us consider a hypothetical model of sediment deposition and transport (below).  Assuming that the seabed is homogeneous prior to the commencement of dredging, what samples should be taken and how should they be distributed?  What do we want to know?  Assume for the present that we have determined that 5 replicates are sufficient to allow us to detect a difference in a variable of interest, where should we take them?  We need to take 5 replicates from each condition, or set of conditions, to determine whether differences between them are significant.  Thus, if we wish to know about differences between Zones A to E, we must distribute 5 single samples within each zone.  Benthic communities tend to be spatially autocorrelated (samples from close together tend to be more similar than samples taken further apart), so the physical dispersion of samples is an important consideration.  In fact systematic sampling may induce the necessary randomness owing to the random nature of the environment being sampled (the process may be ‘stationary’), but it is important that the average spatial dispersion is similar in the different zones.  This may be problematic (Zone C, for example, is rather small) so sensible compromises may be required.  The crucial consideration is that the samples are representative of the conditions that one wishes to infer something about.  So we distribute 5 samples in each of the zones expected to be influenced by dredging disturbance.  This will tell us about differences between them, but not about the affects of the disturbance relative to an undisturbed condition.  We need ‘reference’ zones (not stations) with which to compare our findings.  Comparing one place with another allows no generality in inference.  Ideally there should be several ‘reference’ zones.  These should be outside the predicted zone of influence of the dredging activity.  In fact our requirements are more subtle than this.  We predict that effects will be confined to within 100 m either side of the dredged zone but we do not know this.  Further ‘reference’ zones should be located immediately outside the predicted influence of activity, so that the regulator can be assured that, in the absence of changes in these zones compared to ‘reference’ zones further away, the dredging influence is confined as predicted.  The diagram below shows a possible survey design which would provide information suitable for baseline survey and ongoing monitoring at a hypothetical site.

	Impact assumptions for deposition and transport of sand around an example of a hypothetical dredge zone in the East Channel Region 
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Source: Regional Environmental Assessment for Aggregate Extraction in the Eastern English Channel (Posford Haskoning, 2003)



An example of a possible sampling design for survey and monitoring at a hypothetical dredging zone.  

Zones A to E as above.  R1 to R4 are reference zones.  Sampling locations (() indicate positions from which single samples are to be collected on each sampling occasion for use as replicates.  Note that as far as possible the spatial dispersion of replicates is similar in different zones, and representative of each zone as a whole.  Different reference zones serve different purposes.  R2:  These are the standard reference zones predicted to be well outside the zone of influence of dredging activity.  These should not change as a result of dredging, but allow us to track changes that may occur naturally against which to compare changes in the predicted zone of dredging influence and within the closer reference zones.   R1 and R3:  If dredging activity remains inside predicted boundaries these zones will be unaffected.  If dredging influence impacts beyond the predicted boundaries changes will be detected here.  R4:  These are possible further reference zones which allow us to assess changes along the deposition field more accurately, and also to assess the effect of a slightly different dispersion of samples in zones D and E.  Dispersing the replicates in this way allows us to examine a whole range of hypotheses.  If the dredging influence is within predicted bounds R2=R1=R3=R4.  If downstream dispersion has more of an effect than expected R2=R1=R4(R3, or possibly (if dispersion is more diffuse than expected ) R2=R1(R3=R4.  If lateral dispersion exceeds predicted bounds R2(R1.  And so on.  Dispersing replicates in this way also allows us to examine spatial structure.  For example, if we want to be sure that the area as a whole is homogeneous the vertical transects across zones R2 to R2 can be compared.  If changes in community structure away from the centre of dredging activity are to be examined, we have replicate transects with which to do so.  

Some final remarks and caveats.  It is easy to pose unanswerable questions.  The real world is a variable place, and undertaking some of the procedures outlined here may result in considerable surprises.  It is quite likely that power analyses will determine that for some variables the required degree of replication will be in the order of hundreds or thousands of samples.  This is obviously impractical, so it is unjustifiable for a regulator to require that these variables are monitored.  There is no point, and failing to detect a difference in them with a reduced amount of replication tells us nothing.  Which variables can not be effectively monitoring should become apparent during pilot and baseline surveys.  An infinite number of hypotheses and potential impacts are imaginable.  Monitoring should be limited to a subset that have potential biological significance.  
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Assumption 1: Operational dredging zone





An operational dredging zone will be 3km long by 250m wide in the East Channel Region – Zone A


(Note: the sizes of operational dredging zones may differ; some may be longer or narrower)





Assumption 2: Sand Deposition and Transport





The model indicates two zones of deposition:


1.	Lateral zone of deposition 100m either side along margins of the dredged zone – Zone B in diagram





Deposition along the tidal axis to the Northeast of the dredging zone


Sheet deposition for the first 200m – complete coverage – Zone C


Bedform field – 1km of sand ripples with decreasing frequency to the NE – Zone D


Dispersed zone – 1km of sand streaks – diffuse coverage of sand  - Zone E














