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Under the Food and Environment Protection Act (FEPA) Part II (Great Britain Parliament, 1985), there is a requirement for the Department for Environment Food and Rural Affairs (Defra) to have regard to the practical availability of any alternative methods of dealing with dredged material.  In recent years, this has led to a number of enlightened alternatives (i.e., “beneficial use” schemes) to the conventional sea disposal route, ranging from the construction of sea defences (primarily coarse, capital material) to the use of fine-grained sediments for the restoration of estuarine mudflats/saltmarshes for flood defence and/or habitat enhancement.  However, an unfortunate consequence of this change in the focus of attention is that the sea disposal route (which, for the foreseeable future, will account for the majority of dredged material) tends to be viewed in a negative light, i.e., as an option of last resort.  This need not be so: the environmental impacts of dredged material relocation may be viewed along a continuum of severity and may be managed accordingly, as the present project seeks to demonstrate.

This project aimed to improve the decision-making process regarding the relocation of fine-grained, maintenance dredged material within the coastal environment.  This was achieved through 4 main approaches;

· A more detailed evaluation of the characteristics of UK-licensed dredgings than hitherto

· An improved understanding of the ecological consequences of intertidal placement of fine-grained dredged material (beneficial use) for habitat creation/flood defence

· Production of an overview of the environmental effects of ongoing and new beneficial use and sea disposal schemes, through the production of a database of existing monitoring studies

· Construction of a decision-making framework for dealing with licence applications, incorporating new criteria for determination of environmental consequences.

1 - A detailed evaluation of all licensed dredged materials (1999 - 2003) indicated that organic carbon contents of dredged materials at source varied between 0.1 – 11.5 % and silt/clay contents varied from 3 – 99 % within the UK, although the highest values of carbon may have reflected elevated levels of coal in some areas.  There was large spatial variability within dredging sites for each of these parameters.  There was a poor correlation between these parameters across the UK which indicates that both of these parameters need to be analysed to improve characterisation of dredged materials at source and, hence, improve our predictive capability of the ecological consequences of new arisings.

2 – Currently, less than 1 % of the 40 - 50 million m3 of fine-grained dredged material produced in the UK is currently used beneficially: the schemes are limited to small-scale field trials.  This is because of 2 main reasons: (i) uncertainties over the eventual fate of the material, and (ii) the ecological consequences of placing fine-grained material onto intertidal habitats.  Regarding the latter, there is currently little empirical information of a nature sufficient to allow the formulation of sound advice on likely infaunal recolonisation and recovery rates.  We conducted a sampling programme to attempt to improve our understanding in this respect.

Time-series sampling was conducted at four beneficial use schemes for macrofauna, meiofauna and sediment properties (redox potential, water, organic and silt/clay contents).  The standardised sampling approach adopted allowed, for the first time in the UK, an objective comparison of a number of fine-grained beneficial use schemes.  Properties of the sediments recharged at each were similar to reference sediments, except the low % solids at 2 schemes, which dewatered rapidly.  An assessment of the univariate indices revealed that, in general, macrofaunal communities were essentially comparable to those of reference communities within 18 months.  Multivariate community analysis revealed, however, that macrofaunal community structure of these recharge areas were markedly different from respective reference communities at all 4 schemes after this period.  This is the first study to investigate the meiofaunal recovery of beneficial use schemes.  Results from 1 scheme indicated that meiofaunal recovery resembled that of macrofaunal recovery: univariate indices returned to reference values within 18 months but retained large community structure differences.  Recolonisation of both macro- and meiofauna was via lateral migration and/or recruitment from the water column.  Based on the results presented, we make recommendations for future monitoring of beneficial use schemes.  Specifically, within-scheme spatial variability of developing communities, the method of assessing recovery, and difficulties in acquiring suitable reference sites may result in potential problems for future monitoring programmes.  Since the re-establishment of the physical and physico-chemical properties of recharged sediments did not appear to prevent recolonisation in the short-term, we have increased confidence that recovery processes are more likely to resemble those observed from some experimental defaunation experiments.  Therefore, the conclusions generated from such studies may be used to improve our predictive capability for invertebrate recovery at beneficial use schemes.

A number of laboratory and field experiments were conducted to investigate the effects of sediment properties (organic and sand content) and rate and frequency of sediment placement on macro- and meio-faunal recovery rates.  In general, these experiments supported the results obtained from beneficial use schemes that invertebrates display a great ability to rapidly recolonise sediments placed on intertidal areas.  Recovery mechanisms were negatively affected by relatively small increases in organic content (0.9 – 2.7 %) while being less affected by changes in the sand content of sediments.  Increased organic contents led to reduced redox potentials and increased shear strengths which may have been responsible for the poor recovery.

3 – We constructed a database to permit the entry of information from a number of dredged material disposal studies ranging from licensed coastal and estuarine disposal sites to intertidal beneficial use schemes.  This is the first attempt at a comparative assessment of the ecological effects of dredged material placement in its entirety for the UK.  The final database consisted of 58 datasets, amounting to 782 stations (230 within dredged material disposal sites) and 1480 samples.  Ecological effects were assessed using a variety of univariate, multivariate and graphical/distributional numerical methods.  The results indicated that each numerical technique reveals different degrees of ecological impact due to dredged material relocation.  For example, while community structure differences between disposal site and reference communities were large (> 80 % community dissimilarity at 7 disposal sites), other methods (e.g., ABC curves, meta-analysis) indicated that dredged material emplacements had marginal impacts.  The taxonomic distinctness index of biodiversity ((+) implied that disposal had positive impacts in the majority of instances.  The suitability of the various numerical methods for assessing the ecological impacts of dredged material relocation are discussed.  Species which may potentially be useful indicators of dredged material relocation appear to differ from those indicative of organic enrichment: their use requires further investigation.

There was little consistency in the impacts of dredged material across the range of disposal sites in the database.  We conclude that this reflects the inherent variability associated with this practice.  While some sites receive material more-or-less continually, others often receive large quantities in 1 year and very little in other years.  Furthermore, differences in the quality of dredged material (i.e., organic and particle size distribution, and its similarity to the sediments found at the receiving environment) and habitat differences will enhance the variability in observed ecological responses.

4 - The interaction between scientific understanding (R & D, monitoring and existing science) and assessment, leading to the advice to Defra, is a fundamental aspect of the decision-making process under FEPA.  The construction of a framework for environmental decisions (as opposed to operational decisions) would, in principle, allow greater transparency in the application of expert judgement at various stages along the process, leading to decisions on the success or otherwise of a licence application under FEPA.  One of the goals of the present project was to attempt to encapsulate the ecological effects of dredged material relocation in its entirety, i.e., to identify underlying principles upon which a sound decision-framework may be based.  However, one notable feature which has been reinforced by the present studies is that ecological impacts of this practice do not conform to one single ecological model.  The effects of dredged material emplacement in the coastal environment principally depend upon (i) the amount and (ii) frequency of disposal, (iii) the quality of the sediments (in terms of organic carbon content, degree of contamination and similarity of the sediments to those of the receiving environment), and (iv) the nature of the receiving habitat (and hence biological communities).  The number of permutations, and hence potential ecological responses, is large.  Indeed, due to the large variability between different disposals, it is more likely that ecological impacts conform to several models.  Because of these complexities, we advocate that a high-level, non-specific conceptual framework would be the most suitable way to embrace the ecological effects in their entirety.  In summary, the ecological consequences of ongoing or new dredged material emplacements should be viewed along a continuum of severity, from adverse to beneficial, depending primarily on the 4 factors stated above.  Implicitly, this framework does not separate beneficial use from the traditional sea disposal route and this is supported by the present results.  Therefore, this concept seeks to avoid unquestioning assumptions that all ‘alternative’ options for relocation are intrinsically positive, while the option of sea emplacement (since often considered as a ‘last resort’) is intrinsically negative.

The main findings of this project are summarised below;

· There is a wide variability in the characteristics (organic content and particle size distribution) of UK-licensed dredged materials, often with a large variability within dredged areas.

· While macro- and meiofaunal recolonisation of dredged material placement on intertidal habitats may occur rapidly, longer-term differences in the structure of the communities may lead to differences in the ecological functioning of beneficial use schemes relative to natural areas.

· Invertebrate recolonisation processes of beneficial use schemes are sensitive to differences in organic content of dredged sediments: this parameter requires careful assessment during the decision-making process under FEPA.

· Due to the large degree of variability associated with dredged material relocation in the coastal environment, the ecological consequences of ongoing or new arisings should be viewed along a continuum of severity, from adverse to beneficial.  The over-arching principle of this decision-framework is that every new disposal application must be considered on a case-by-case basis.

· The ecological consequences of intertidal beneficial use schemes cannot, at least in the short term (18 months), be separated from those associated with the traditional sea disposal route.
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1.0 General Introduction

Under the Food and Environment Protection Act (FEPA) Part II (Great Britain Parliament, 1985), there is a requirement for the Department for Environment Food and Rural Affairs (Defra) to have regard to the practical availability of any alternative methods of dealing with dredged material.  In recent years, this has led to a number of enlightened alternatives to the conventional sea disposal route, ranging from the construction of sea defences (primarily coarse, capital material) to the use of fine-grained sediments for the restoration of estuarine mudflats/saltmarshes for flood defence and/or habitat enhancement.

‘Beneficial use’ may be defined as ‘all productive and positive uses of dredged material ranging from fish and wildlife habitat development, to human recreation, to industrial/commercial uses’ (USACE, 1986).  In the UK, this is exemplified by a number of high profile projects within estuaries, but an unfortunate consequence of this focus of attention is that the sea disposal route (which, for the foreseeable future, will account for the majority of dredged material) tends to be viewed in a negative light, i.e., as an option of last resort.  This need not be so: the environmental impacts of dredged material relocation may be viewed along a continuum of severity and may be managed accordingly, as the present project seeks to demonstrate.

This project aimed to improve the decision-making process regarding the relocation of fine-grained, maintenance dredged material to sea and within estuaries.  This was expected to be achieved through 4 main approaches;

· A more detailed evaluation of the characteristics of UK-licensed dredgings than hitherto

· An improved understanding of the ecological consequences of intertidal placement of fine-grained dredged material (beneficial use) for habitat creation/flood defence

· Production of an overview of the environmental effects of ongoing and new beneficial use and sea disposal schemes, through the production of a database of existing monitoring studies

· Construction of a decision-making framework for dealing with licence applications, incorporating new criteria for the determination of environmental consequences.

2.0 Evaluation of the organic carbon content and particle size distributions of licensed dredgings in the UK

2.1 Introduction

Every application for a licence to dispose of dredged material at sea must satisfy certain criteria laid down under FEPA II.  Licence applicants are required to submit samples for analysis to CEFAS prior to dredging and sea disposal, following OSPAR Commission guidelines (OSPAR, 1993).  Presently, the organic content of dredged material is not routinely determined within the UK as part of the pre-licensing evaluation stage, although it is a potentially important characterising measure since estuaries (the main source of dredged material) are natural sinks for riverine or anthropogenic inputs.  A measure of the organic carbon loading, along with better physical characterisation of dredged material (e.g., full particle size analysis), may provide a more effective means of determining the likely environmental consequences of the use/disposal of uncontaminated dredgings.  This may facilitate decisions regarding future placements across the full range of options provided by FEPA.

We conducted a detailed evaluation of the characteristics of all licensed dredged materials (1999–2003), including an extensive assessment of the organic loading not previously undertaken in the UK.  Here we present information which characterises these materials and investigates their inter-relationships.  In each case, the samples were taken by the applicant to give a representative evaluation of the sediments to be dredged.  All samples were subsequently analysed by CEFAS or their sub-contractors (for methods, see Anon, 2003).

2.2 Results and conclusions

In total, 281 samples were analysed from 33 dredging areas.  The mean (± SD) organic carbon and silt/clay contents for each area are given in Fig. 1(a & b).  Organic carbon contents varied between 0.1 % at Shoebury to 11.5 ± 7.9 % at Blyth, although the majority of sites had values between 1 – 5 %.  There was notable within-site variability which indicates that organic carbon contents can vary over relatively small spatial scales, i.e., within dredged areas.  For example, standard deviations of 7.9 (6 samples) and 4.0 (17 samples) for Blyth and Newport, respectively, are high relative to their mean values.  Although the majority of south-east sites exhibited rather low organic contents (< 2.2 %), there appears to be no large-scale pattern within the UK.  The high values of the north-east (Blyth and Tyne) and outer Severn Estuary (Newport and Cardiff), however, indicate that regional hot-spots do occur.  However, it may be noted that the north-east samples may also be enhanced as a result of naturally high levels of coal.
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Fig. 1(a & b): Mean (± SD) values of (a) organic carbon, and (b) silt/clay contents of dredged materials at source from around the UK, 1999 – 2003.

The silt/clay component of the dredged material varied from 3 ± 1 % at Staithes to 99 ± 1 % at Portsmouth.  There was a large within-site variability observed at some areas, as indicated by high standard deviations of 25 (17 samples) and 19 (40 samples) from Newport and Southampton, respectively.  Again, there appears to be no large-scale general trend in the values of silt/clay around the UK and the majority of variability lies within and between regional sites.

Of particular interest is the lack of relationship between these 2 variables.  Other studies have indicated that the majority of marine organic material is associated with the silt/clay fraction of sediments.  However, no apparent correlation exists for the present data (r2 = 0.09, regression analysis).  This is of particular interest as both these 2 properties (principally organic content in the context of intertidal placement) have been shown during this project to significantly affect both macro- and meiofaunal recovery following dredged material emplacement.  This indicates that these 2 variables both need to be assessed at source to improve our predictive capability of the ecological consequences of new arisings.

The large standard deviations around the means observed for both organic carbon and silt/clay contents demonstrates a high degree of relatively small-scale (i.e., within dredged areas) spatial variability.  This finding has potentially important implications for the characterisation of dredged material at source.  Small-scale spatial variability inherently requires a large number of samples to accurately estimate the true mean.  Where only a small number of samples have been taken or analysed (e.g., River Crouch (Essex), Harrington (Cumbria)), we may have only poor estimates of the true sediment properties of the dredged area.  However, the magnitude of variability for a granulometric measure is an important characterising feature in itself as it gives an indication of the consistency, or heterogeneity, of the dredged material from that area.

3.0 Investigation into the invertebrate recovery processes of fine-grained beneficial use schemes.

3.1 Introduction

In the US, dredged material has been shown to successfully create new mudflats and saltmarshes which ultimately function like natural systems.  Currently, less than 1 % of the 40 - 50 million m3 of fine-grained dredged material produced in the UK is currently used beneficially (Bolam et al., 2003a): the schemes are limited to small-scale field trials.  This is because of 2 main reasons: (i) uncertainties over the eventual fate of the material, and (ii) the ecological consequences of placing fine-grained material onto intertidal habitats.  Regarding the latter, there is currently little empirical information of a nature sufficient to allow the formulation of sound advice on likely infaunal recolonisation and recovery rates.  We have conducted a sampling programme to attempt to improve our understanding in this respect.

This component of the project comprised 2 complementary approaches: (i) a site-specific component in which a number of beneficial use schemes were sampled, and (ii) a non site-specific component comprising a number of laboratory and field experiments investigating the factors likely to affect invertebrate recovery mechanisms.  These factors include dredged material properties (particle size, organic content) and logistical features of beneficial use schemes (rate and amount of dredged material placement).  Work conducted under (i) fulfilled 2 main aims of this project, firstly, to further our understanding of the invertebrate recovery of beneficial use schemes to improve advice given for new licence applications, and secondly, to provide beneficial use data for inclusion into the database allowing the ecological effects of dredged material relocation in its entirety to be assessed.

3.2 Site-specific approach

3.2.1 Sites and sampling

Four beneficial use schemes were sampled: Westwick Marina (WW) (Crouch Estuary, Essex) (see Bolam and Whomersley, in press), Titchmarsh Marina (TM) (Hamford Water, Essex), North Shotley (NS) (Orwell Estuary, Suffolk) and Horsey Island (HI) (Hamford Water, Essex).  These were chosen based on suitability of timing of recharge, proximity and type of scheme (i.e., use of fine-grained dredged material).  The properties of the dredged materials (samples taken during the recharge process), together with timing, tidal height and recharge depths are given in Table 1.

Three stations were randomly located within the recharge area of each scheme.  At each station, 3 replicate samples were taken for macrofauna (0.01 m2, 15cm depth) and meiofauna (23.76 cm2, 5cm depth), 1 sample for sediment analyses (3 cm depth), and replicate redox potential profiles (1, 2 and 4 cm sediment depth).  Three reference stations were located and sampled in an identical manner to the recharge stations.  This design therefore allowed the assessment of the significance of spatial variability within and between recharge and reference sites.  At HI, the recharge to a relatively high tidal height (Table 1) necessitated the inclusion of saltmarsh references in addition to the relatively low tidal height mudflat references originally allocated.  WW was sampled prior to recharge then 1 week, 1, 3, 6, 12 and 18 months post-recharge; TM (3, 6, 12, and 18 months post-recharge); NS (12 and 18 months post-recharge); and HI (1 week, 6, 9 and 12 months post-recharge).  Meiofaunal samples were processed for TM only; samples were also taken from all other schemes to allow for the option of further analyses as appropriate.

Scheme
% Water
% Carbon
% Silt/clay
Recharge month
Recharge depth (cm)
*Tidal height

(mOD)









WW
91.2 ±3.0
1.3 ±0.1
94.5 ±0.8
August
50
1.4 – 1.8

TM
91.7 ±0.3
1.2 ±0.1
95.0 ±1.5
June
65 – 80
1.3 – 1.5

NS
60.3 ±2.3
1.5 ±0.1
93.7 ±1.3
January
55 – 60
1.4 – 1.6

HI
59.7 ±6.7
1.5 ±0.2
94.4 ±0.4
January
50 – 100
2.1 – 2.2

Table 1: Properties of the dredged material recharged at the 4 beneficial use schemes sampled (mean ± SE, n = 3).  Carbon and silt/clay contents are based on dry sediments. * Refers to the tidal height following dredged material placement.

3.2.2 Results

3.2.2.1 Recharged sediments

The organic carbon and silt/clay contents of the dredged materials recharged during the 4 schemes were essentially similar (Table 1).  However, the sediment water contents of the material recharged at WW and TM were far higher (> 90 %) than the 60 % water contents recharged during NS and HI.  However, these sediments rapidly dewatered and after 3 months, the water contents of these sediments were comparable to those of reference sediments (data not presented here, but see Bolam and Whomersley (in press) regarding WW).  In general, the bulk sediment properties of the recharged sediments were similar to those of reference sediments and, consequently, developing macrofaunal assemblages were not expected to be different from those at reference sites by virtue of sediment differences.

3.2.2.2 Univariate Results

3.2.2.2.1 Meiofauna

A total of 70 nematode species were collected from TM, 52 of which occurred at both the reference and recharge sites. Seven species were exclusively found at the reference sites while 11 species were present at the recharge sites only.  Nematodes were significantly more abundant at the reference than the recharge site within the first 9 months of the study (Fig. 2(a)).  Significant changes in the number of species were observed over time, with values significantly higher at month 9 than at the end of the study (Fig. 2(b)).  After 12 months, however, there were no significant differences in abundance or number of species of nematodes between recharge and reference sites.

3.2.2.2.2 Macrofauna

(i) Number of individuals

The numbers of macrofaunal individuals throughout the sampling period for each scheme is shown in Fig. 3(a - d).  One striking feature is the large between-station variability, both within the recharge sites and reference sites.  In general, the degree to which total numbers of individuals returned to reference values varied between schemes: while WW and NS (at 1 sampling station only) had essentially re-established reference abundances after 12 months, TM, NS (at 2 stations) and HI showed poor recovery of numbers of individuals.  For HI, this was due to poor recolonisation in the recharge area (the recharge area being almost devoid of invertebrates after 12 months), while for TM, this was mainly due to very high total numbers in 2 of the reference stations (Capitella capitata and Tubificoides benedii).
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Fig. 2(a & b): Changes in (a) mean abundance, and (b) mean number of nematode species (( 95 % pooled confidence intervals) at the reference and recharge sites over a 12-months duration at TM.

Fig. 3(a - d): Changes in total number of macrofaunal individuals (mean per core, ± SE, n = 3) in each of the beneficial use schemes.

(ii) Number of species
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A similar trend for species number was observed as for total individuals, again with a large degree of between-station variability making generalisations difficult (Fig. 4(a - d)).  While WW showed a return in species number to reference values after 3 months (although number of species increased at the reference site after 12 and 18 months), HI was always species poor and, indeed, only 1 species was present in the recharge area after 12 months.  At TM, the recharge area achieved a similar species number to that in reference site 1 after 3 months, but never regained the number observed in reference stations 2 & 3.  At NS, recharge station 3 had a similar number of species compared to those in reference stations 2 & 3, but remained low in recharge stations 1 & 2.

(iii) Total biomass

In general, the re-establishment of invertebrate biomass relative to reference sites occurred faster than for numbers of individuals and species.  Despite great between-replicate and between-station variability, Fig. 5(a - d) indicates that the biomass of recharge sites returned to reference values after 6 months at WW (and was much greater than at the reference site after 12 months) and after 12 months at TM and NS.  The low faunal abundance recolonising at HI is matched by negligible biomass. 
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Fig. 4(a - d): Changes in total number of macrofaunal species (mean per core, ± SE, n = 3) in each of the beneficial use schemes.
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Fig. 5(a - d): Changes in total macrofaunal wet biomass (mean per core, ± SE, n = 3) in each of the beneficial use schemes.

3.2.2.3 Multivariate results

3.2.2.3.1 Meiofauna

Multi-Dimensional Scaling (MDS) was conducted; the resulting plot allows the comparison of community structures of the recharge and reference sites through time (data for each replicate have been combined).  Within MDS plots, points close to each other generally represent those samples with similar community structure.  There was a clear separation between reference and recharge meiofaunal communities with early signs of temporal evolution of nematode communities at the recharge site towards the original/natural condition at the reference site (Fig. 6). Results from a two-way crossed ANOSIM test confirmed the effects of both factors (recharge/reference and time) on species distribution patterns (global R for treatment effect = 0.68, p < 0.01; global R for time effect = 0.22, p = 0.03).  Assemblages collected at the end of the study, therefore, could be shown to differ significantly from those sampled in previous months and, importantly, recharge communities were markedly different from reference communities.

3.2.2.3.2 Macrofauna

Fig. 7 shows the community structures of the recharge and reference sites of each scheme combined on one MDS plot (data for each station have been combined).  Due to its large dissimilarity (i.e., largely impoverished community), the recharge stations at HI have been omitted to expand the information on the other schemes.  The plot reveals firstly that the recharge sites were very different from their respective reference sites for each scheme, even after 18 months, and secondly, that there were large differences in the community structures of the different reference sites.  The recharge site communities of WW, TM and NS appear isolated indicating that the communities of these beneficial use schemes were distinctly different within the first 18 months after recharge.  Furthermore, these communities do not appear to be related to those of their appropriate reference site.
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Fig. 6: Non-parametric multi-dimensional scaling (MDS) ordination of nematode assemblages for the reference (shaded symbols) and recharge sites at TM (based on double square-root transformed species abundance data).
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Fig. 7: MDS plot of macrofaunal assemblages at reference and recharge sites (stations combined) for each scheme through time.  Shaded symbols represent reference sites.  Arrows represent time series for recharge sites.

These differences are supported by the results of SIMPER analysis (using the statistical package PRIMER (Clarke and Warwick, 1994)) (Table 2), although comparisons with the faunistically-poor HI are not very informative.  The community dissimilarity between recharge and reference sites after 18 months (12 months for HI) was between 44.7 % (WW) and 98.1 % (HI with mudflat reference) (Table 2(a)).  In each case, this was because the main species at the reference sites showed poor recovery at the recharge sites, except at TM and NS where community dissimilarity was also partly due to higher numbers of the gastropod Hydrobia ulvae in the recharge area (i.e., opportunistic response).  Eighteen months after recharge (12 months for HI), there was a high amount of dissimilarity between the various recharge sites (Table 2(b)).  WW appeared to differ from TM and NS primarily due to high numbers of the oligochaete Tubificoides benedii and lower abundances of H. ulvae.  Note that there is a possibility that seasonal variation may confound differences between schemes since recharges took place at different times.

3.2.3 Discussion

The standardised sampling approach adopted here allows, for the first time in the UK, an objective comparison of 4 fine-grained beneficial use schemes.  Comparable studies are rare as previous studies have focused on saltmarsh creation schemes (mainly in the US) or consist of monitoring reports of variable quality.

Samples of the dredged material (volume = 5 L, n = 3) taken during recharges at WW, TM and HI contained few meiofaunal nematodes and no macrofaunal organisms.  Destruction of these organisms during the dredging and/or recharging process and the dilution effect of dredging to depths far greater than the faunal-rich surfaces may be factors responsible for the lack of fauna in recharged sediments.  Furthermore, the majority of species inhabiting subtidal dredge areas will be incapable of surviving in intertidal habitats, regardless of whether sediments rapidly develop the required physical and physico-chemical conditions.  This implies that benthic recovery was limited to 1 or more of 3 possible mechanisms (see Fig. 8): vertical migration through the deposited material (i.e., burial survival), lateral migration from adjacent areas, and recruitment of macrofaunal larvae and meiofaunal organisms from the water column (Schratzberger et al., in press(a), Bolam et al., 2003a).  The timing, rate, amount and scale of placement determine which of these mechanisms predominate.  It is unlikely, given the amount of vertical overburden experienced at the 4 schemes (Table 1), that macro- and meiofaunal organisms would have been capable of recolonisation via vertical migration through the recharged sediments to the sediment surface (see Section 3.3 and, for meiofauna, Schratzberger et al., 2000).  Lateral migration and/or recruitment from the water column was likely to be the main route for the observed recolonisation at each scheme.
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Fig. 8: Schematic diagram of a beneficial use scheme showing possible invertebrate recolonisation mechanisms.

Scheme(s)
Average dissimilarity (%)
Main taxa contributing to difference

(a) within schemes



WW
44.7
T. benedii (Ref), H. ulvae (Ref), tellinids (Ref)

TM
60.1
T. benedii (Ref), C. capitata (Ref), H. ulvae (Rech)

NS
62.5
S. shrubsolii (Ref.) T. benedii (Ref), H. ulvae (Rech)

HI (mudflat ref.)
98.1
Macrof. nematodes(Ref), P. elegans (Ref), S. shrubsolii (Ref)

HI (saltmarsh ref.)
94.7
enchytraids (Ref), chironomids (Ref), H. costata (Ref)

(b) between schemes



WW & TM
63.8
H. ulvae (TM), T. benedii (WW), tellinids (TM)

WW & NS
59.8
H. ulvae (NS), T. benedii (WW), S. shrubsolii (WW)

WW & HI
95.1
T. benedii (WW), S. shrubsolii (WW), H. diversicolor (WW)

TM & NS
51.8
tellinids (TM), T. benedii (NS), A. tenuis (TM)

TM & HI
96.3
H. ulvae (TM), nematodes (TM), tellinids (TM)

NS & HI
93.6
H. ulvae (NS), H. diversicolor (NS), T. benedii (NS)

Table 2(a & b): Percentage dissimilarity between (a) recharge and reference communities within schemes and, (b) recharge communities between schemes after 18 months (12 months for HI).  The 3 main taxa contributing to the dissimilarity are given, and in which station and scheme (for (a) & (b) respectively) it showed increased abundance (in parentheses).

The present results indicate that benthic infauna can recolonise dredged material placed intertidally relatively rapidly.  This was even the case at WW and TM where sediments were recharged at very low bulk densities (i.e., > 91 % water content).  The ability of these sediments to rapidly dewater (afforded by careful engineering of the schemes) facilitated the early recolonisation by invertebrates.  Since the re-establishment of the physical and physico-chemical properties of recharged sediments do not appear to prevent recolonisation even in the short-term, we have increased confidence that recovery processes are more likely to resemble those observed from some experimental defaunation experiments.  Therefore, the conclusions generated from such studies may be used to improve our predictive capability for invertebrate recovery at beneficial use schemes.

This appears to be the first study to investigate the meiofaunal recovery of beneficial use schemes.  Results from TM indicate that, despite lacking a planktonic phase in their life-history, meiofaunal nematodes can re-establish numbers of individuals and species within a year, predominantly via settlement of those individuals suspended in the water column.  It is possible, however, that the differences observed in the structure of reference and recharge communities may result in functional differences.  Each species comprising the community assemblage fulfils important functions which may help to preserve ecosystem integrity; whether the created habitat, with an altered community structure, can provide the desired services remains unanswered.  Whether this is possible will depend on the functional significance of differences in which components of reference and recharge communities carry out key ecosystem processes.  Longer-term sampling is required in order to assess whether this is a feature of created habitats or whether meiofaunal assemblage structure converges to that of the reference communities in time.

These results have important implications for monitoring future beneficial use schemes:

Spatial variability:  The sampling design used here allowed a comparison of the spatial variability at varying scales within a beneficial use scheme.  In general, univariate parameters (except biomass) had relatively small between-replicate variability within recharge stations.  This indicates relatively little spatial variability in developing communities at the metre scale.  However, larger scale spatial variability within recharge schemes was apparent, often resulting in significant differences between recharge stations for a particular index (results not presented here, but see Bolam and Whomersley (in press) regarding WW).  This suggests that monitoring designs should maintain good spatial coverage of a beneficial use scheme, rather than focusing on small-scale replication, to give a realistic ‘average’ for a beneficial use scheme.  The same applies to reference sites.  Statistical power when testing between stations and/or sites is invariably related to the number of replicates adopted.  The variability in data would have been significantly reduced (and statistical power increased) at the cost of a very high (and impractical) number of replicates.

Recovery assessment: The present results reveal that while univariate indices may return to those observed at reference sites within 18 months, the structure of recharge site communities remains dissimilar for much longer periods (beyond the present 18 month sampling regime).  This suggests that for recovery-assessment, a careful consideration of the choice of parameter is necessary.  In view of the inherent difficulties in choosing an appropriate reference site (see below), multivariate data analysis may, paradoxically, be too sensitive a method for assessing recovery; univariate indices may prove to be more suitable.  Clearly, the time-scale required for monitoring the success of a beneficial use scheme will be very dependent on which numerical method of recovery-assessment is adopted.  As for meiofaunal communities, we are unable to assess the functional significance of community structure differences after 18 months.  However, there is some evidence of functional redundancy in species on mudflats (Bolam et al., 2002) and re-establishment of the composition of trophic groups rather than community structure per se may be more important in re-establishing ecosystem function.  Bolam and Whomersley (in prep.) provide evidence that, despite large structural differences, trophic composition of the recharge communities at WW, TM and NS was essentially similar to those of reference communities.  Again, longer-term sampling is required to assess whether macrofaunal community structure of recharged areas eventually converge to those of reference areas.

Reference site: The dredged material used during the schemes studied were recharged to various tidal heights (Table 1).  For HI, the high tidal height indicated that a saltmarsh reference was appropriate.  After 18 months WW, TM and NS had not established early saltmarsh plants probably as the eventual tidal heights were too low (Bolam and Whomersley, in prep.) and the adoption of mudflat reference sites appears justified.  However, at these schemes, the mudflat reference sites were ultimately at a lower tidal height than the sediment surface at the recharge sites and the question of whether they were sufficiently comparable is raised.  For example, can we determine whether these areas have recovered by comparison with an area having different community assemblages due to tidal height differences?.  In each case, it was not possible to find mudflat habitats with higher tidal heights.  Additionally, based on a detailed evaluation of the recovery at WW, Bolam and Whomersley (in press) suggest that inherent large-scale spatial variability of macrofaunal assemblages within saltmarshes prevents recovery-assessment by direct comparison with a reference area.  Finally, the large between-reference site community differences observed (Fig. 7) emphasise the importance of using a reference site as close as possible to the recharge site.

3.3 Non site-specific approach

A total of 5 experiments were conducted during this project, designed to improve our understanding of the factors affecting the invertebrate recovery processes of beneficial use schemes.  These experiments focused both on the effects of the nature of the dredged material (organic and silt/clay content) and on the effects of variation in the rate and amount of placement.  These experiments addressed how the above factors affected the ability of invertebrates to recolonise via the 3 main mechanisms outlined in section 3.2.3: namely, vertical migration, lateral migration and recruitment of meiofaunal organisms and macrofaunal larvae from the water column (Fig. 8; Bolam et al., 2003a).

Experiment 1: Effect of particle size and organic content on macro- and meiofaunal recolonisation via planktonic recuitment and surface lateral migration (Bolam et al., in press; Schratzberger et al., in press(a)).

Experiment 2: Colonisation of various types of sediment by estuarine meiofauna by lateral infaunal migration (Schratzberger et al., in press(b)).

Experiment 3: Macrofaunal recovery via vertical migration in the field: effects of particle size, organic content and burial depth (Bolam, 2003).

Experiment 4: Investigation of the rate of vertical migration of macrofauna following simulated dredged material deposition: a laboratory study.

Experiment 5: An investigation of macrofaunal recolonisation of simulated dredged material through lateral migration.

3.3.1 Results and conclusions.

In general, the results from these experiments support the findings from the site-specific approach that macro- and meiofaunal organisms display a great ability to recolonise new sediments via all 3 possible recovery mechanisms.  Furthermore, these results have indicated that both dredged material properties (especially organic carbon content) and logistical factors (amount and frequency of placement) can significantly affect the ability of both macro- and meiofauna to recolonise sediments.

Sediment organic carbon content was shown to have large effects on the recovery of both macro- and meiofaunal invertebrates via all recovery mechanisms.  Recovery was significantly reduced in the field by increases in organic carbon content from 0.9 – 2.2 % (Bolam et al., in press; Schratzberger et al., in press(a)).  In the short term (3 - 6 months), high-organic sediments exhibited significantly reduced redox potentials and increased shear strengths compared to low-organic content sediments.  Both these properties may have been responsible for the poor invertebrate recovery.  Increased organic contents were also responsible for limiting macrofaunal recovery via vertical migration in the field (Bolam, 2003).  Since the 4 schemes studied under section 3.2 all had relatively low organic contents (see Table 1), this important finding would not have been picked up.  Furthermore, these results imply that organic content may be a particularly important parameter to take into consideration when attempting to predict the ecological impacts of proposed beneficial use schemes.

In contrast, macro- and meio-faunal recolonisation was not significantly affected by relatively large differences in sand and, therefore, silt/clay content.  For example, planktonic recruitment and/or lateral migration of adults to sediment with 49% sand content were not significantly different from those to sediments with 12% sand content.  Differences in sand content were not associated with differences in redox potential or shear strength.  Macrofaunal vertical migration was also not affected by the same changes in sand content.  These findings indicate that sand and/or silt clay content may not be as important as organic carbon content in affecting recovery of beneficial use schemes.

The success of macrofaunal vertical migration typically differed between field and laboratory studies.  For example, while Macoma balthica and Hediste diversicolor from the Humber Estuary were capable of migrating through up to 50 cm of sediment (and Retusa obtusa up to 25 cm) in the laboratory, Hydrobia ulvae was the only species capable of migrating through 16 cm of sediments on an intertidal mudflat on the Crouch Estuary, Essex.  Whether these differences in observations resulted from species-differences or from differences in experimental approach (laboratory versus field) cannot be ascertained.  The rate and frequency of deposition did not appear to significantly affect macrofaunal recolonisation when total sediment overburden was less than 20 cm.

Both macro- and meio-fauna showed a great ability to recolonise new sediments via sub-surface lateral migration, although this was found to be negatively affected by increased sand content for meiofauna (Schratzberger et al., (in press(b)).

A separate report has been produced as part of this project specifically discussing the results from these experiments in terms of improving the guidance available to licensing officers for new beneficial use schemes (see Appendix 1).  By synthesising the above results into 2 flow diagrams, the report allows the conclusions to be more easily utilised by the non-ecologist.

4.0 Holistic assessment of the ecological effects of dredged material relocation in the coastal environment

4.1 Introduction

Modern databases facilitate the comparison of a large number of individual studies, thereby opening the possibility of investigating whether any trends in observations occur that are not apparent from single studies.  The presence of trends in the ecological effects of dredged material disposal in the coastal environment may then assist in the development of models around which a decision-framework may be constructed.  We constructed a database to permit the entry of information from a number of dredged material disposal studies ranging from licensed coastal and estuarine disposal sites to intertidal beneficial use schemes.  This is the first attempt at a comparative assessment of the ecological effects of dredged material placement in its entirety for the UK.

4.2 Database structure

The final database comprised CEFAS monitoring data for a number of disposal sites around the UK.  Primarily for quality control reasons, these data were limited to surveys from the mid 1980s onwards.  As the same sampling and sample treatment protocols have been followed, and similar quality assurance procedures adhered to, we can be confident they are sufficiently comparable.  The intertidal data from section 3.0 were also included.  Finally, in order to fill a gap in information regarding estuarine dredged material relocation, additional sampling was conducted at a number of sites within the Humber Estuary and outer Severn Estuary.

The database construction was not a simple process, particularly as the taxonomic discrimination between datasets was very variable.  Initially, every taxon was checked against a standard species list derived from the UK Directory of Marine Species and the European Register of Marine Species.  Screening of the data for inconsistencies resulted in the production of a standard list of 570 taxa with an associated taxonomic hierarchy against which each dataset could be outputted.  This final database comprised 58 distinct datasets (58 abundance datasets: 33 with biomass data and 32 with environmental data), amounting to 782 stations (230 within disposal sites) and 1480 samples.  This resulted in 38,538 non-zero sample data points (19,014 abundance, 8,760 biomass and 7,008 environmental).  An assessment of ecological impacts was then made using a variety of univariate, multivariate, distributional and meta-analysis approaches.

4.3 Results

4.3.1 Species data

In total, from the 26 surveys at 18 dredged material disposal sites, 65 taxa were found to be more abundant within disposal site stations relative to reference stations for at least one disposal site.  Ten of these taxa were found to be more abundant within disposal sites for at least 3 surveys (Table 3).  Three of these taxa, namely Iphinoe trispinosa, Magelona sp. and Mysella bidentata, were confined to one disposal site (Site Z) while, for the others, increased abundance was exhibited across different disposal sites.  These species may, therefore, be described as potential indicators of dredged material emplacement (especially Fabulina fibula and Spiophanes bombyx).

Three
Four
Five

Abra alba
Magelona sp.
Notomastus sp.
Fabulina fibula

Aphelochaeta sp.
Mysella bidentata
Nucula nitidosa
Spiophanes bombyx

Iphinoe trispinosa
Scoloplos armiger



Table 3: Taxa which were more abundant within disposal sites than their respective reference sites during 3, 4 or 5 surveys.

Several bivalves appear in Table 3: typical of sandier habitats, they may be capable of migrating up through deposited sediments.  The polychaete Scoloplos armiger is likely to have responded in a similar manner.  Also notable is the presence of sedentary or relatively immobile polychaetes (e.g., Spiophanes bombyx and Notomastus sp., respectively) which are unlikely to survive the direct effects of disposal activities.  Their indicator-like response presumably reflects their life-history traits allowing early recolonisation following disturbance rather than the vertical migratory survival response of the bivalves.  In general, these taxa are very different from those known to be indicators of organic enrichment where opportunistic polychaetes such as Capitella capitata, Streblospio shrubsolii and Pygospio elegans tend to predominate.  A more detailed evaluation of the responses of each of these taxa in terms of their indicator potential for dredged material relocation (e.g., an evaluation of the magnitude of increase from reference to disposal site) is planned as a follow-up to this study.

4.3.2 Univariate indices

The univariate indices responded very inconsistently across surveys to dredged material deposition.  While the mean number of species generally decreased, there were many cases where the numbers of individuals (especially at Site Z), diversity (especially at Roughs Tower) and average taxonomic distinctness increased in the disposal site relative to the reference site (Table 4).  Site Z, Fa and RT01 were the only disposal sites to show the classical response to disturbance of decreased species and increased numbers of individuals.  In general, the average taxonomic distinctness ((+) of disposal site communities was greater than reference site communities.  This index  is a measure of the degree to which individuals in an assemblage are related to each other.  A community whose species are more distantly related (high (+) may be regarded as being more ‘biodiverse’  than a community whose species are more closely related (low (+) (Warwick and Clarke, 1995).  This index also has the important advantage over other methods (number of species, diversity indices) in being independent of sampling size or sampling effort.

Site survey
*Code
Total species
Mean no. individuals
Diversity (H’)
Average taxonomic distinctness ((+)



Ref
Dis
Ref
Dis
Ref
Dis
Ref
Dis

Barrow Deep ‘96
Ba
54
16
292
10
2.1
2.4
79
92

Cardiff ‘00
Ca
35
18
203
26
1.6
1.8
73
74

Falmouth ‘99
Fa
100
55
91
185
3.5
2.5
82
93

Humber ‘00
Hu
3
3
2
2
1.1
1.0
83
86

Humber ‘03
Hu
6
5
2
2
1.7
1.3
85
92

Lune deep ‘96
Lu
46
28
223
108
1.7
1.1
70
72

Nab Tower ‘01
Na
83
71
120
26
2.5
3.6
93
85

Site Z ‘91
Z
68
38
555
841
2.8
1.7
88
91

Site Z ‘96
Z
74
53
307
658
2.6
0.8
88
95

Site Z ‘98
Z
64
42
285
229
3.0
2.3
92
90

Site Z ‘00
Z
83
44
950
1094
2.2
1.6
88
93

Site Z ‘01
Z
71
51
1029
1127
1.8
1.9
89
87

Site Z ‘02
Z
91
66
257
260
3.1
2.8
90
88

Rame Head ‘00
Ra
41
42
72
30
2.7
3.1
82
90

Roughs Tower ‘95
RT
67
40
79
14
2.9
3.1
89
79

Roughs Tower ‘99
RT
43
27
51
17
2.3
2.4
91
87

Roughs Tower ‘00
RT
86
44
209
32
1.8
2.8
85
89

Roughs Tower ‘01
RT
83
60
150
379
2.3
1.0
89
90

South Falls ‘00
SF
67
13
22
13
3.3
2.2
93
91

Shotley ‘01
Sh
9
10
52
30
1.2
1.5
50
87

Swansea ‘95
Sw
20
25
82
16
1.5
2.5
77
92

Tees ‘95
Te
71
40
127
61
3.0
2.5
80
85

Titchmarsh ‘01
Ti
15
10
193
132
2.2
1.0
69
98

North Tyne ‘92
Tn
57
29
109
46
2.6
2.3
84
86

South Tyne ‘92
Ts
64
59
166
114
3.2
3.0
86
91

Westwick ‘01
We
14
7
106
63
1.3
0.9
85
73

Table 4: Summary table of mean values for univariate indices at reference (Ref) and disposal (Dis) sites.  * refers to survey codes used in multivariate MDS plots (section 4.3.4).  Indices with higher values in disposal sites are given in bold.

4.3.3 ABC curves

ABC curves allow the assessment of the ‘health’ of a benthic community within a sample or station without reference to other samples/stations nearby.  The basis of the approach is that, in general, there is a shift from competitor-dominated communities with K-strategists (biomass-dominated) to communities composed mainly of large numbers of small, r-strategists (numerically-dominated) along an increasing pollution-disturbance gradient (Warwick, 1986).

Eleven datasets could be analysed using this approach as taxa-specific biomass data were available (Table 5).  As the station data for each reference or disposal site were combined, differences in the values of W (i.e., the test statistic) cannot be assessed by formal testing: we are therefore interested in the absolute values of W in each case.  In general, this numerical approach indicated that dredged material emplacement appears to have little impact on marine benthic communities: W having generally low positive values in both disposal and reference sites, indicating unimpacted communities (although under some stress).  

Survey
W (reference)
W (disposal)
Comments

Barrow deep ‘96
0.03
0.45
Unimpacted, disposal site healthier

Nab Tower ‘01
0.19
0.39
“

Site Z ‘98
0.18
0.14
Both sites under some stress

Site Z ‘00
0.05
0.04
“

Site Z ‘01
-0.01
0.04
“

South Falls ‘00
0.23
0.48
Disposal site healthy, slightly better than reference

Shotley ‘01
-0.11
0.02
Both sites under some stress

Titchmarsh ‘01
0.40
-0.16
Reference site unimpacted, disposal site slightly impacted

North Tyne ‘92
0.20
-0.04
Both sites under some stress, especially disposal site

South Tyne ‘92
-0.06
0.09
Both under some stress

Westwick ‘01
0.08
0.15
“

Table 5: Summary of ABC analysis.  The test statistic W takes values in the range of –1 to +1, with W ( +1 for biomass dominated communities (unimpacted) and W ( -1 for numerically dominated communities (impacted). 

The inability of this numerical approach to detect impacts of dredged material relocation may be due to a number of reasons.  Firstly, some habitats experience relatively large amounts of natural stress (e.g., intertidal and estuarine habitats) and, therefore, are naturally typified by numerically-dominated communities.  Consequently, this method is unlikely to detect differences due to additional impacts.  Secondly, Clarke and Warwick (1994) note that this method is unlikely to be suitable where the dominant taxa recolonising the disturbed areas are mobile, non-polychaetous taxa, not indicative of polluted conditions.  Consequently, as bivalves and cumaceans were particularly abundant in a number of the disposal sites (Table 3), we should view this method with caution as an indication of degree of impact.

4.3.4 Multivariate analyses

Fig. 9(a & b) shows the MDS plots of the macrofaunal community structures of the reference and disposal sites for all the surveys in the database.  Fig. 9(a) indicates that for the reference sites, intertidal communities are clearly separated from those of the subtidal ones, estuarine communities being different from the euhaline areas.  In view of species’ habitat preference/tolerance ranges this is perhaps not surprising.  A visual comparison of the 2 plots indicates that the overall trend of these differences are not too dissimilar, i.e., the intertidal, estuarine and euhaline subtidal sites have the same relative positions, and that within each of these, the relative positions of surveys remain essentially similar.  For example, the temporal similarities at Site Z and Roughs Tower are maintained within the disposal site communities.  This indicates that, in general, the effects of dredged material disposal on the benthos are relatively small compared to differences in community composition between these 3 habitat types.  There is, however, increased separation of the subtidal disposal site communities.  Therefore, the conventional coastal relocation option does not create areas of seabed largely devoid of life, but merely results in areas of altered community structure.
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Fig. 9(a & b): Non-metric MDS plots of the community structures of macrofaunal communities of (a) reference sites, and (b) disposal sites for all surveys in the database.  Multiple points for individual sites refer either to different disposal sites (Hu) or different years for the same site (RT, Z).  Data averaged across stations for each survey.  Ho and 1 Hu survey are missing from (b) due to the absence of fauna in the samples.
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Fig. 10: Community dissimilarity (based on a Bray-Curtis dissimilarity matrix on root-transformed data) between reference and disposal sites for each survey in the database. 

The mean community dissimilarity between stations within disposal sites and those outside for each survey is given in Fig. 10.  This value may be used as a measure of the impact of dredged material emplacement on benthic community structure.  In general, dredged material relocation resulted in large disposal-reference site differences with > 80 % dissimilarity in some areas (e.g., RT, Ba, Na, Hu, Ca).  The intertidal beneficial use schemes, with dissimilarities of 68.2 %, 65.6 % and 52.8 % for NS, TM and WW respectively, were comparable with those of subtidal ones below 80 % dissimilarity.  The lowest differences between disposal and reference sites (i.e., the least impacted) were found at Site Z and North (Tn) and South (Ts) Tyne.

4.3.5 Multivariate meta-analysis

To compare the degree of disturbance at different disposal sites, and to place each on a continuous comparative scale, multivariate meta-analysis (Warwick and Clarke, 1993) was employed.  This method was devised as a means of comparing the severity of community stress between various cases of anthropogenic and natural disturbance.  Macrobenthic data aggregated to phyla from a number of case-studies representing different types and severities of disturbance, and also from sites regarded as unaffected by disturbance, were combined.  Working at such a high taxonomic level ameliorates problems associated with natural variation and species turnover.  Proportional production was chosen as the most ecologically meaningful unit within which to work, and was approximated using the allometric equation 

P = (B / A) 0.73 ( A, where B / A is the mean body size and 0.73 is the average exponent of the regression of annual production on body size for macrobenthic invertebrates (Brey, 1990; cited by Warwick and Clarke, 1993).  Thus, only studies for which both abundance and biomass data were available were used.  The production data were standardised (expressed as a proportion of the sample total) and fourth-root transformed, and a matrix of inter-sample similarities constructed using the Bray-Curtis similarity measure.  This matrix was then ordinated using non-metric multidimensional scaling (MDS).

In the original study, data from 9 areas from the NE European shelf (50 samples) were combined allowing them to be used as a ‘training’ dataset against which the status of communities from new studies can be assessed.  These produced a ‘wedge’ shaped plot which clearly separated samples along a common axis of ‘disturbance’ (Warwick and Clarke, 1993).  In this study we combined data from each survey with the original ‘training data’ on a case-by-case basis, to see if there was any similarity in pattern between the data in the database and the data in the original study, and to see if disposal site samples separated from samples considered unlikely to be affected by activities at the site.

It can be seen that the applicability of the method to data from disposal sites is not general (Table 6).  The technique is based on changes in the proportion of production contributed by different phyla.  The distribution of production amongst phyla in many of the studies examined differs from that in the training data.  There are a number of reasons why this might be the case, ranging from sparse data (e.g., Humber, Horsey Island) to phyletic differences between intertidal and subtidal communities.  In the training data the ‘disturbance axis’ reflects a shift from undisturbed assemblages with a large proportion of production contributed by crustaceans, echinoderms and molluscs towards disturbed ones where much of the production is contributed by polychaetes and macrofaunal nematodes.  It might be expected that such a shift might occur as a result of dredgings disposal and in some cases, the results generally support this (Table 6).  At the sites where such a shift is detected (e.g., Site Z, Tyne and Tees), however, the apparent impact is mild or very mild, suggesting that the effects of dredgings relocation are less severe than extreme organic enrichment.  It is interesting that in the intertidal studies from Shotley and Titchmarsh, dredged material recharge had an apparently beneficial effect, although samples from the recharge areas diverged markedly from the training data.  The overall conclusion is that the analysis does not suggest that impacts at disposal sites are severe, but do suggest that each disposal site has unique characteristics which need to be taken into consideration.

4.3.6 Relationships of impacts to environmental variables.

The relationship between the environment variables (contaminants, % solids and amount of disposed dredged material (mean for the 3 years prior to the survey), depth, maximum tidal flow and dispersion potential (depth*tidal flow)) and the impact of dredged material emplacement (i.e., % dissimilarity between disposal and reference communities) was investigated by (a) BIOENV analysis using the disposal site communities, and (b) Spearman’s rank correlation analysis of the % dissimilarity of disposal and reference sites.

4.3.6.1 BIOENV analysis

BIOENV analysis of the samples from within the disposal sites with normalised environmental data revealed that maximum tidal flow (best single variable, (w = 0.725, and included in all other combinations of variables) and depth were the variables most correlated with the variability in disposal site communities.

Study
Fit to training data
Separation
Conclusions

Barrow Deep ‘96
Yes
Yes
Mild impact

Cardiff ‘00
No
Some
One station impacted

Falmouth ‘99
Weak
Some, but reversed
Some stations apparently impacted but outside site

Horsey ‘01
No
No


Humber ‘00
No
No


Humber ‘03
No
No


Nab Tower ‘01
Weak
No
Samples inside disposal site more similar to training data 

Roughs Tower ‘95
No
No


Roughs Tower ‘00
Weak
Some
Evidence of impact at some stations 

Roughs Tower ‘01
No
Some
Evidence of impact at some stations

Site Z ‘87
Yes
Yes
Mild impact, sites outside site slightly disturbed

Site Z ‘98
Yes
No
All samples apparently less impacted than training data

Site Z ‘00
Yes
Yes
Very mild impact

Site Z ‘01
Yes
Yes
Very mild impact

Site Z ‘02
No
No
All samples apparently less impacted than all training data

South Falls ‘00
Yes
Yes
Very slight impact

Shotley ‘01
Weak
Some, but reversed
Control sites more similar to training data

Titchmarsh ‘01
Weak
Some but reversed
Control sites more similar to training data

Tyne ‘92
Weak
No
All samples towards unimpacted end of disturbance axis

Tees ‘92
Weak
Some
Mild impact at a couple of stations

Westwick ‘01
Weak
Yes
All samples towards impacted end of disturbance axis, some evidence of mild impact

Table 6: Summary of results from multivariate meta-analysis.  ‘Fit to training data’ indicates whether samples from the survey cluster with the training data, or are completely separated from the training data in the MDS.  ‘Separation’ indicates that samples from inside the disposal site lie further towards the disturbed end of the disturbance axis than samples from outside the disposal site.

4.3.6.2 Correlation analysis

Correlation analysis of environmental variables with % dissimilarity between reference and disposal site communities revealed that maximum tidal flow and % mean solids of dredged material disposed 3 years prior to survey were significantly correlated with dredged material disposal impact (Table 7).  These relationships are graphically represented in Fig. 11(a & b).  The greatest effect of dredged material relocation is generally observed, therefore, in areas of high tidal flow and where disposed dredged material is predominantly composed of coarser material (% solids can be used as an approximation for grain size (Anon, 1996)).  However, the apparent correlation with tidal flow may be misleading.  Firstly, the Humber sites, with the greatest tidal flow, were so faunistically-poor (mean abundance of 2 per core) that the large community differences observed (83.3 % and 82.9 % for Hu ’00 and Hu ’03, respectively) resulted from quite small faunal differences.  Secondly, the intertidal sites had relatively small tidal flows, yet these areas are more wind-driven, wave-dominated than tide-dominated systems.  The results of these 2 sets of data greatly affected the apparent correlation.

Variable
(
P

Dispersion
0.26
0.20

Max. tidal flow (Kn)
0.55
<0.01

Depth (m)
0.01
0.79

% solids
0.42
0.03

Amount deposited (t/yr)
0.12
0.55

*Contaminants
0.17
0.41

Table 7: Results of Spearman’s rank correlation analysis between environmental variables (characteristics of the disposed dredged material and the receiving habitat) and community dissimilarity between disposal and reference communities. * Multivariate contaminant data values were reduced to a univariate measure by principal components analysis.
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Fig. 11(a & b): Scatterplots and regression lines of the % community dissimilarity of the disposal and reference sites and environmental variables which were statistically significant (( = 0.05; Spearman’s rank correlation analysis).

4.4 Discussion

The assessment of the ecological effects of dredged material relocation in the coastal environment appears to depend largely on the criteria by which effects are judged.  While some numerical methods (e.g., community structure differences between disposal and reference communities) revealed large impacts following dredged material relocation (yet small changes relative to habitat differences), other methods (ABC curves, meta-analysis) indicated that disposal had marginal impacts on macrofaunal communities.  Impacts primarily appeared to be beneficial according to average taxonomic distinctness (a biodiversity index).  There is, therefore, little consistency in (i) the conclusions drawn from a particular numerical technique, and (ii) the ecological impacts of dredged material emplacement between different disposal sites.  These conclusions are not independent but likely reflect the inherent variability of this practice.  For example, the 1996 survey at Barrow Deep was some 6 years after the large capital (approximately 10 M tonnes) deposit, although the site has since been in receipt of smaller amounts (< 1 M tonnes per annum) of dredgings.  Conversely, Site Z is noticeable as a site which receives material on a relatively frequent basis, the material often having enhanced amounts of organic content.  The relocation activities at other sites, e.g., Fa, SF and Ra, are far smaller in terms of quantity of material.  Fig. 12 highlights the magnitude of the variation in this practice in terms of annual tonnage disposed between sites.  The rate, frequency and type of material disposed also varies greatly between schemes, as do the characteristics of the receiving environment.  The variability in the conclusions drawn from the various numerical techniques, therefore, probably reflect the variability in the magnitude of the degree of disturbance between individual sites.

This project has attempted, for the first time, to compare the ecological effects of beneficial use schemes with those associated with the traditional subtidal relocation option.  The results indicate that intertidal communities do not appear to respond differently from subtidal ones.  For example, the variability in the response of univariate, multivariate, graphical (ABC curves) and multivariate meta-analysis approaches apply equally across the beneficial use schemes as to the traditional placement methods.  In other words, the practice of dredged material emplacement to both environments results in all cases in a disturbance to benthic communities (as would be expected), the magnitude of which is dependent upon the case-specific details of the activity.  This finding has fundamental implications for how we view these schemes in terms of relative ecological effects as part of a decision-making framework for new disposal arisings (see section 5.0).

5.0 Decision-framework for the ecological consequences of dredged material relocation in the coastal environment

The interaction between scientific understanding (R & D, monitoring and existing science) and assessment, leading to the advice to Defra, is a fundamental aspect of the decision-making process under FEPA.  The construction of a framework for environmental decisions (as opposed to operational decisions) would, in principle, allow greater transparency in the application of expert judgement at various stages along the process, leading to decisions on the success or otherwise of a licence application under FEPA.  One of the goals of the present project was to attempt to encapsulate the ecological effects of dredged material relocation in its entirety, i.e., to identify underlying principles upon which a sound decision-framework may be based.  However, one notable feature which has been reinforced by the present studies is that ecological impacts of this practice do not conform to one single ecological model.  The effects of dredged material emplacement in the coastal environment principally depend upon (i) the amount and (ii) frequency of disposal, (iii) the quality of the sediments (in terms of organic carbon content, degree of contamination and similarity of the sediments to those of the receiving environment), and (iv) the nature of the receiving habitat (and hence biological communities).  The number of permutations, and hence ecological responses, is large.  Indeed, due to the large variability between different disposal sites, ecological impacts are more likely to conform to one of several models (see Anon, 1996).  The ecological effects of an isolated placement or the persistence of effects at a relinquished disposal site may depend on the natural stress regime of the habitat (Bolam and Rees, 2003).  The ecological responses following frequent placements are also affected the degree of environmental stress of the disposal site (Rhoads et al., 1978).  Thus, because of the complexities associated with this activity, we advocate that a high-level, non-specific conceptual framework would be the most suitable way to embrace the ecological effects in their entirety (Fig. 13).  In summary, the ecological consequences of ongoing or new dredged material emplacements should be viewed along a continuum of severity, from adverse to beneficial, depending primarily on the 4 factors stated above.  Implicitly, this framework does not separate beneficial use from the traditional sea disposal route and this is supported by the present results.  Therefore, this concept seeks to avoid unquestioning assumptions that all ‘alternative’ options for relocation are intrinsically positive, while the option of sea emplacement (since often considered as a ‘last resort’) is intrinsically negative.
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Fig. 12: Mean annual tonnage (wet weight) and upper and lower limits disposed at each dredged material disposal site in the database (data from 1985 – 2003).

It must be remembered that judgements regarding where existing schemes lie, or where new ones are expected to lie, along this gradient may still be complicated by different perceptions regarding the benefit of change.  For example, a superficially desirable outcome of a shift towards greater biological productivity may be counter-balanced by a reduced biodiversity or an enhanced risk of contaminant bioaccumulation, while a conservation view may determine that the degree of benefit will decline in proportion to the extent of change to the original status of a marine community irrespective of its nature.  As we have demonstrated, each of these outcomes respond differently to dredged material emplacement.  Thus the intrinsic ‘value’ of a system, and attendant judgements as to the acceptability of any changes induced by the deposition of dredged material, may transcend objective scientific analysis.  However, other aspects of a proposed scheme, such as the quality of the material to be disposed, the quantity and frequency of the discharge and the characteristics of the receiving environment, are more straightforward to evaluate.

In practice, evaluations of the environmental consequences of conventional ‘beneficial use’ schemes and of most sea relocation options will, from the outset, tend towards the right hand side of the 'effects' continuum (above), because of rigorous controls on the quality of the material earmarked for relocation.  Site-specific variations in natural factors (e.g. the energy of the system) which may influence recovery rates, or variations in the quantity, nature and frequency of deposition of the material, will determine their relative position.  The employment of an ‘effects’ continuum as a means to conceptualise the issues to be addressed in decision-making should not be taken to imply that proposed schemes are amenable to a simple scoring system, in view of the complexities (and uncertainties) inherent in the judgement.  Allocation of positions to the left, middle or right, on the basis of balances of probability, would be more realistic at this stage.  Of course, the over-arching principle of this decision-framework is that every new disposal arising must be considered on a case-by-case scenario.


Fig. 13: Conceptual model of the ecological consequences of dredged material relocation in the coastal environment.

There are different drivers behind the implementation of a beneficial use scheme.  In each case, coastal managers understandably aim for a ‘win-win’ situation with improvements to the quality of the habitat (i.e., improved macrofaunal communities) and an improvement in terms of the principal driver (e.g., flood defence, sediment cell maintenance).  These results have shown that while the primary driver may be realised (but beyond the scope of this project to determine), effects on the benthos (at least in the short-term, i.e., 18 months) cannot yet be viewed as an improvement.  There is no compelling evidence here to support the notion that beneficial use schemes are more ecologically beneficial than the traditional coastal relocation route.  ‘Win-win’ situations in this respect are not evident.  However, it must be remembered that the other beneficial aspects of intertidal placement of dredged material cannot be viewed along the same scale as those pertaining to biological impacts.  There is an implicit need, therefore, to assess these long-term benefits against the relative short-term impacts.  This is exemplified by the scheme at HI were the short-term impact was an area largely devoid of benthic macrofauna, the long-term benefit will be protection of the sea wall.  Clearly, a case-specific approach must be adopted as the relative importance of the long-term benefits will vary across schemes, for example, sustainable relocation of material will be more crucial in an estuary with a negative sediment flux as opposed to one with a positive sediment flux.  It is this requirement to balance the long-term benefits of beneficial use schemes against their short-term impacts which will be the key to successful dredged material management in the future.

6.0 Links with other projects

· Discussions during the early stages of this project led to the establishment of the DECODE framework, an umbrella organisation acting as a forum regarding issues dealing with the ecological consequences of dredged material relocation in the coastal environment (http://www.cefas.co.uk/decode/default.htm).

· A Defra-funded research project undertaken by Plymouth Marine Laboratory (AE0259) was conducted in association with the current project.  Changes in the sediment stability of two of the beneficial use schemes studied here were investigated to allow an integrated assessment of the role of biota in affected sediment dynamics of beneficial use schemes.  Futher collaboration of the findings are currently being undertaken through a joint publication.

· The information acquired and understanding developed during this project were instrumental in formulating the biological component of a 4-year, Defra-funded research project (AE0260) led by HR Wallingford.

· Several highlighted areas of further work raised by this project are currently being pursued under a CEFAS-led proposal to Defra.

7.0 Further work

This research project has highlighted a number of current gaps in our understanding which requires further research:

· Longer-term datasets are needed on the development/biological recovery of beneficial use schemes in order to more fully evaluate their ecological functioning.

· An assessment of the ecological impacts of larger-scale beneficial use schemes, conducted at more environmentally-beneficial scales, is required.  Importantly, we need to determine whether the experiences gained from small-scale field trails are relevant to schemes at larger scales.

· An improved understanding of the ecosystem functioning of beneficial use schemes, i.e., their role in supporting higher trophic levels such as bird and wildfowl populations, is urgently required.

· An improved understanding of the relationships of organic carbon content of dredged material at source with those found at disposal sites is needed to improve our predictive capability of the ecological consequences of new disposal arisings.

· Further investigation into the use of indicator species for dredged material emplacement in the coastal environment (see section 4.3.1).

· We need to assess long-term benefits of beneficial use schemes against short-term impacts on a case-by-case basis.
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