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Abstract 

Over the last half century, the saltmarshes of south east England have undergone 

an extensive decline, especially the pioneer zone vegetation. These losses have 

generally been blamed on coastal squeeze resulting from sea level rising against sea 

walls. There is little evidence to support this hypothesis however, and an alternative 

hypothesis, based on infaunal invertebrates preventing the establishment of saltmarsh 

plants was tested. 

In the managed realignment site at Tollesbury, and the other sites examined, the 

mudflat fauna was dominated by Nereis (= Hediste) diversicolor and Hydrobia ulvae. In 

laboratory experiments, N. diversicolor and H. ulvae reduced the production of seedlings 

from seeds of Salicornia europaea agg.. Conversely the presence of S. europaea agg. 

significantly reduced the normal burrowing activity of N. diversicolor. 

Invertebrate exclusion experiments established at five sites in south east 

England facilitated colonisation by saltmarsh plants at some sites (Orplands, the Blythe 

Estuary, Wallasea Island and Maldon), by excluding large (>3cm) N. diversicolor. 

However, at the Tollesbury realignment site, the high rate of sediment deposition and 

the relatively long distance to a source of seeds prevented plant colonisation. 

This study supports the hypothesis that establishment of saltmarsh vegetation is 

prevented by infaunal invertebrates, particularly N. diversicolor, which exclude plants 

through bioturbation, herbivory and granivory. These interactions may help explain the 

loss of saltmarshes and will reduce the success of future managed realignment schemes 

which depend upon the colonisation of new intertidal areas by saltmarsh vegetation. 

Further management of . realignment sites will be necessary to encourage saltmarsh 

development. 
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1.0 CHAPTER ONE 

Introduction 

Saltmarshes are areas of intertidal vegetation which develop on temperate 

coastlines of low wave energy. They are often divided by muddy creeks of 

characteristic dendritic patterns (Pye, 2000) and are usually fronted by mudflats 

(Adam, 1993). According to Clements' theory of facilitation succession (Clements, 

1936) plants modify their environment and make it more suitable for other species. 

In saltmarshes, the vegetation at lower elevations may, by attenuating wave energy, 

encourage the deposition of sediment and increase the height of an area, thereby 

creating an environment more suited to plant species which are less tolerant to 

inundation by saline water (Boorman et al., 1998). The lowest limits of the 

distribution of individual saltmarsh plant species are governed by physical and 

chemical factors, such as tolerance to inundation, salinity and water movement 

(Wiehe, 1935, Ungar et al., 1979, Woodell, 1985, Shumway and Bertness, 1992, 

Sanchez et al., 1996, Davy et al., 2000), whilst the upper limit is determined by 

biological factors, particularly interspecific competition, with those plant species 

less tolerant of inundation occurring at higher elevations (Ellison, 1987a, Pennings 

and Callaway, 1992, Ungar, 1998, Davy et al., 2000). The different responses by 

different species may result in a zonation pattern of vegetation within a saltmarsh. 

Saltmarshes are often of ecological and conservation importance and this is 

particularly true in south east England. They are important for wading birds and 

wildfowl, including internationally important populations, as roosting sites and 

sources of food (both directly or indirectly); they are nursery areas for several 
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species of fish, and contain several Biodiversity Action Plan (BAP) priority species 

of flora and fauna, including the endemic sea lavenders Limonium spp. (UKBG, 

1999). Approximately 80% of the saltmarsh area in Great Britain has been notified 

as Sites of Special Scientific Interest (SSSI), and under the classification of Atlantic 

and continental salt marshes and salt meadows, some saltmarshes are listed as 

habitat types in annex I of the Council Directive 92/43/EEC of 21 May 1992 on the 

Conservation of Natural Habitats and of Wild Fauna and Flora (otherwise called the 

EC Habitats Directive), which requires that measures be taken to maintain and 

restore these areas at a favourable status. Many areas of estuaries in the U. K., 

including areas of saltmarsh, have one or more of several different conservation 

designations (Local Nature Reserves (LNR), SSSI, National Nature Reserves 

(NNR), Environmentally Sensitive Areas (ESA), Special Protected Areas (SPA), 

Special Areas of Conservation (SAC), Ramsar). 

Saltmarshes occupy a buffer zone between marine and terrestrial habitats 

(Boorman, 2000) and offer protection to the sea walls which protect some low lying 

terrestrial areas from erosion and inundation (Dixon and Weight, 1995, King and 

Lester, 1995). Historically, their importance has been underestimated and many 

marshes were destroyed between the 15th and 19`h centuries for industrial, 

agricultural and recreational purposes (Carter, 1988, Moy and Levin, 1991, Dixon 

and Weight, 1995, Pethick and Burd, 1995). The benefits of vascular halophytic 

plants in coastal protection have been appreciated only recently. Saltmarsh plants 

may increase the accretion and stability of sediments (van Eerdt, 1985, Pethick and 

Burd, 1995, Brown, 1998, Christiansen et al., 2000), and dissipate tidal and wave 

energy, as their presence increases the surface roughness of an area (Spencer et al., 
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1995, Moller et al., 1999, Christiansen, 2000). In south east England the value of 

saltmarsh for coastal defence is enormous. Saltmarshes attenuate wave and tidal 

energy and protect the sea walls (French et al., 1999). The wave energy across a 

sandflat - saltmarsh at Stifflcey, Norfolk, was measured by Spencer et al. (1995) who 

observed a decrease of 18-55% over 197m sandflat, but a decline of 47-97% over 

180m of saltmarsh. Across a saltmarsh at Hog Island Bay, Virginia, USA, the shear 

velocity of water decreased with distance from tidal creeks across vegetation, with 

the most dramatic reduction occurring at the transition between tidal creek and the 

vegetated marsh (Christiansen et al., 2000). The vegetation canopy may also have 

inhibited the formation of large turbulent eddies, and broken down larger eddies into 

smaller ones, thereby reducing turbulence and promoting the settling of sediment 

particles out of the water column (Christiansen et al., 2000). At Stiffkey in Norfolk, 

high rates of sediment accretion were related to increased plant cover, as the velocity 

of water was reduced over the rough surface of saltmarsh vegetation causing 

sediment particles to drop out of the water column (Boorman et al., 1998). However, 

in a similar study at Tollesbury in Essex, the sediment distribution was relatively 

even and no correlation was observed between the mean height of the vegetation and 

changes in sediment elevation (Boorman et al., 1998). Neither did Brown (1998) 

find any evidence to indicate that Spartina plants trap sediment particles and 

increase sedimentation in this way at Skeffling Marsh on the Humber Estuary. 

The presence of rooted vegetation also influences the stability of the 

sediments. Pethick and Burd (1995) concluded from laboratory experiments that 

although dense saltmarsh vegetation may not enhance the deposition rate of 

sediment particles, once sediment had settled in the vegetated areas they were less 
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easily removed by tidal currents. The effect of Spartina anglica and Limonium 

vulgare, on reducing lateral cliff erosion was examined by van Eerdt (1985). 

Spartina was the most effective of the two species due to the higher tensile strength 

of the roots, but van Eerdt concluded that any root system in the sediment will 

reduce erosion. Spartina was also believed to be important in stabilising sediments 

during periods of erosion on Skeffling Marsh (Brown, 1998). 

Traditional methods of defending low lying land usually involve the 

construction of rigid sea walls, which in many cases may be smaller, and therefore 

cheaper, if a fronting saltmarsh is present (Brampton, 1992). In 1995, Dixon and 

Weight calculated that a sea wall need only be 3m high, at a cost of £400 per metre, 

if 80m of fronting saltmarsh is present, as opposed to 12m high, at a cost of £5000 

per metre, if no marsh is present. In 1995 the total loss of saltmarsh from Essex 

would cost an estimated £600 million for the increased maintenance of the sea walls 

alone (King and Lester, 1995). 

In recent years, the saltmarshes of south east England have been subject to 

extensive losses (Tables 1.1 and 1.2) (Burd, 1992a, Cooper et al., 2000). These 

losses have huge implications both for conservation and coastal defence. Under the 

1992 EC Habitats Directive, there is an international obligation to maintain and 

restore saltmarsh to the total area present in 1992. Saltmarsh losses are currently 

estimated at 40ha in Essex and 100ha annually throughout the UK and this amount 

must be recreated if the UK is to meet this obligation. 
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Table 1.1 The % loss of saltmarsh area between 1973-1988 in Essex and Suffolk, 

modified from Burd, (1992a). 

% of original 
area eroded 

% of original 
pioneer zone 

eroded 

% of original 
low-mid zone 

eroded 

% of original 
mid-marsh zone 

eroded 
Orwell 32.6 74.3 22.4 6.8 

Stour 44.0 60.3 17.7 30.6 

Hamford Water 19.3 40.7 15.7 14.4 

Colne 11.7 53.0 12.6 8.4 

Blackwater 22.7 74.0 29.1 14.5 

Dengie 9.9 65.0 7.6 0 

Crouch 26.5 23.9 40.6 20.7 

North Thames 22.8 44.5 21.7 no data 

Table 1.2 Loss of saltmarsh area in Essex and Suffolk, modified from Cooper et al., 

(2000). 

total saltmarsh area 
(ha) 

nett loss ofsaltmarsh 
(ha and % of 'baseline' 

area 
1973 1988 1998 

(*or 1997) 

1988-1998 

(*or 1997) 

1973-1998 

(*or 1997) 

Orwell 100 70 54* 16 (23%)* 46 (46%)* 

Stour 264 148 107* 41(28%)* 157 (59%)* 

Hamford Water 876 765 621 144 (19%) 255 (29%) 

Colne 792 744 695 50 (7) 97 (12%) 

Blackwater 880 739 684* 55 (7%)* 197 (22%)* 

Dengie 474 437 410 27 (6%)* 64 (14%)* 

Crouch 467 347 308 40(11%) 159(34%) 

North Thames no data 197 181 16 (8%) no 1973 

data 
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The reasons for saltmarsh loss are unknown, but generally have been 

attributed to coastal squeeze (Posford Duvivier Environment, 1991, Boorman, 1992, 

English Nature, 1992, Burd, 1992a, Turner, 1995). This hypothesis was developed 

as a possible outcome of a rise in sea level on coastlines protected by static sea 

defences (Posford Duvivier Environment, 1991). Under sea level rise the natural 

response of saltmarsh is to move upward and inland. The presence of sea walls 

prevents this, and the marshes therefore become squeezed between the rising sea 

level and static defences (Dixon and Weight, 1995) (Figure 1.1). Under this 

hypothesis sea walls are perceived as the major cause of saltmarsh decline, which 

has important implications for coastal defence. 

However, there is little evidence to support this hypothesis, and Hughes (1999, 

2001) argued that there is sufficient evidence to reject the hypothesis. While 

saltmarsh losses have been occurring for only the past few decades (Boorman et al., 

1989, Pye, 2000), sea level rise, as a result of isostatic adjustment, the main 

component of sea level rise in S. E. England (Boorman et al., 1989), has been 

occurring for several thousand years since the last glaciation. Estimates of the 

magnitude of the rise vary from 1-4mm. yr' (Boorman, 1992, Turner, 1995, 

Underwood, 1997, Hughes, 2001) but may be compounded by eustatic sea level rise 

associated with global warming over the last 200 years (Boorman et al., 1989). 

However, there is no clear evidence of a recent acceleration in sea level rise caused 

by global warming (Pye, 2000). Variations in mean annual and mean monthly sea 

level for Southend and for Felixstowe (at the north and south of Essex), from data 

provided by the Proudman Oceanographic Laboratory (http: //www. pol. ac. uk/psmsl), 

are shown in Figures 1.2 and 1.3. The mean monthly sea level data for Southend are 
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FIGURE 1.2. Annual variations in mean sea level. 
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highly variable and show a non-significant trend of a sea level rise of 1.25mm. y-1, 

and those for Felixstowe a non-significant fall of 3mm. y'. The variability of these 

data indicate that the use of sea level rise to explain the enormous losses of 

saltmarsh over the past few decades is, at least tenuous and perhaps, untenable. No 

relationship has been established between sea level rise and the decline of saltmarsh 

in south east England (Allen and Pye, 1992a). Although the loss of intertidal areas, 

as a result of rising sea level resulting from global warming, is likely to become 

more important as the phenomenon develops, there is evidence that saltmarshes are 

accreting sediment at a rate at least equal to that of sea level rise (Pye, 2000, 

Hughes, 2001). 

Despite sea level rise occurring for thousands of years, the extensive 

decline in saltmarsh area in south east England has occurred only over the last few 

decades (Boorman et al., 1989, Pye, 2000). The greatest loss of saltmarsh has been 

of the pioneer zone species (Burd, 1992a) (Table 1.1), those species most tolerant to 

tidal inundation. This is opposite to the expectation under the coastal squeeze 

hypothesis where the sequential losses of vegetation should be from the upper, mid, 

and then pioneer zones (Figure 1.1). 

Much of the loss of the mid and upper marsh vegetation is by lateral erosion 

of the internal creeks (Burd 1992), and Hughes (2001) hypothesised that this erosion 

may be exacerbated by the activities of the invertebrate infauna, which entrained a 

positive feedback, as erosion leads to increased tidal current speeds further 

increasing the erosion. This erosion may be enhanced by increased tidal current 

speeds caused by a change in the tidal range within the southern North sea (Pye, 

2000). 
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The acceptance of coastal squeeze as the cause of saltmarsh decline has 

influenced coastal management plans in south east England, where the escalating 

cost of maintaining a rigid defensive barrier with losses of a protective saltmarsh 

buffer has led to considerations of more sustainable methods of coastal protection. 

An added financial incentive to examine alternative methods is the fact that most 

walls in south east England were constructed after the great flood of 1953 and now 

require expensive upgrading and maintenance. The cost of these construction works 

is prohibitively expensive, especially when compared to the low value of the 

agricultural land that many of them protect (Dixon and Weight, 1995), and cheaper 

more sustainable alternatives to sea walls for coastal defence are sought. 

Managed realignment (also called managed retreat or set-back), is a favoured 

method of coastal management, and was developed after acceptance of the coastal 

squeeze hypothesis. Managed realignment involves the natural or deliberate 

breaching of sea walls and the sacrifice of a terrestrial area beyond to create a new 

intertidal area up to a new "set back" sea wall. It has been assumed that eventually 

saltmarsh vegetation will colonise these new intertidal areas, stabilise the sediment 

with their root systems, and attenuate tidal and wave energy to protect the new wall 

built on higher land. Since one object of the realignment is to reduce the impact of 

wave energy, the new wall need not be built to such a high specification as the 

original wall and thus will be cheaper (Brampton, 1992, English Nature, 1992). 

Under managed realignment the landward migration of saltmarsh vegetation with 

rising sea level is allowed, thereby creating a more sustainable method of coastal 

defence and meeting some conservation objectives. 
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At Northey Island on the Blackwater Estuary in Essex, a small area (0.8ha) 

of grazing marsh was protected by sea walls dating back to 1774 which would have 

cost £30,000-£55,000 to maintain. A managed realignment site was established in 

1991 at a cost of only £22,000 (English Nature, 1992). In 1995 two larger managed 

realignment sites were established on the Blackwater Estuary, one at Tollesbury and 

one at Orplands, which is composed of two adjacent realignment fields. At Orplands 

the cost of the land was £3700 per hectare, but the cost of sea wall maintenance, to 

continue defending the area against inundation, would have been £16000 per hectare 

(Dixon and Weight, 1995). 

The colonisation of realignment sites by saltmarsh vegetation is crucial to 

their success (MAFF, 1999). Several realignment sites are being constructed or 

planned in south east England, and elsewhere, and consequently knowledge of the 

factors affecting the colonisation of these areas by saltmarsh plants is important, 

particularly as these may include the factors that are causing or exacerbating the 

current loss of saltmarsh. 

Hughes et al. (2001) suggested that at the saltmarsh-mudflat interface there 

are two alternative stable states, one dominated by saltmarsh vegetation, which 

would exclude burrowing invertebrates through their tightly meshed root systems 

(Capehart and Hackney, 1989, Hughes et al., 2000), and one dominated by 

invertebrates which would exclude the plants through bioturbation (Gerdol and 

Hughes, 1993), herbivory (Olivier et al., 1996) and granivory (Hughes, 1999,2001). 

Saltmarsh vegetation and burrowing macroinvertebrates may thus exhibit reciprocal 

negative effects toward one another and consequently have mutually exclusive 

distributions. 
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At the boundary between mudflat and pioneer zone saltmarsh vegetation, a 

positive feedback switch may occur where a plant species modifies the environment 

to its advantage (Wilson and Agnew, 1992). The switch would create a situation 

where two (or more) states are stable in time or space, but not their intermediaries, 

resulting in the creation of a sharp boundary between the two states (Wilson and 

Agnew, 1992). The boundary between saltmarsh vegetation and bare mud, usually 

inhabited by burrowing invertebrates, is relatively sharp. Evidence exists of 

situations where the height dimension of the potential niches of the plants and 

macroinvertebrates overlap, but where the two assemblages are mutually exclusive. 

In North Carolina (U. S. A. ) the density of the bivalve Polymesoda caroliniana was 

inversely related to the biomass of plant roots and rhizomes in the sediment 

(Capehart and Hackney, 1989), and it was concluded that root/rhizome density could 

limit the abundance of these bivalves. Gerdol and Hughes (1993), found that the 

lower distribution limits of the pioneer zone halophyte Salicornia europaea were 

determined by the amphipod Corophium volutator, which bioturbate the sediment 

thereby preventing the seedlings from establishing in the sediment, and by burying 

the seeds to depths at which they would not germinate (Gerdol and Hughes, 1993). 

Raffaelli (2000) reported that dense mats of filamentous algae physically restricted 

the feeding behaviour of Corophium volutator on the Ythan Estuary in Scotland and 

so affected their distribution. In laboratory experiments with the polychaete Nereis 

diversicolor, the root length of the pioneer zone halophyte Spartina anglica was 

reduced significantly in the presence of Nereis although it was not determined as to 

whether this was due to their feeding activity directly or to bioturbation (Emmerson, 
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2000). Nereis diversicolor has also been observed to reduce significantly the 

survival of the sea grass Zostera noltii (Hughes et al., 2000). 

One of the precursors to saltmarsh development is that the sediment has to be 

of the appropriate height and sufficiently stable. Macrofauna may reduce the 

potential for plant colonisation indirectly by destabilising the sediment and 

preventing accretion to the necessary height. However, macrofauna may stabilise as 

well as destabilise sediments and no consistent functional groupings of macrofauna 

as stabilisers or destabilisers have been determined (Jumars and Nowell, 1984). 

Laboratory experiments have shown some macrofauna to have a stabilising effect on 

sediment through the secretion of mucilage during burrow and tube construction 

(Meadows et al., 1990), although most evidence indicates invertebrates destabilise 

sediment. 

On mudflats in Essex, areas of sediment sprayed with an insecticide to 

remove the amphipod Corophium volutator, resulted in increased sediment stability 

(Gerdol and Hughes, 1994b). Firstly, removal of Corophium resulted in increased 

densities of microphytobenthos, which secrete mucopolysaccharides, that bind the 

sediment particles together (Paterson, 1989, Underwood and Paterson, 1993b). This 

was despite the `U'-shaped Corophium burrows, which retain water, causing in a 

decline in sediment shear strength, which is directly related to the water content of 

the sediment (Gerdol and Hughes, 1994b). Nereis diversicolor has also been shown 

to significantly lower the density of epipelic diatoms (Smith et al., 1996). The 

gastropod Hydrobia ulvae also decreases the stability of sediment by feeding on 

microphytobenthos thereby reducing the production of sediment-binding 

mucopolysaccharide from the biofilm, and by producing faecal pellets which are 
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more easily eroded than the cohesive bed (Austen et al., 1999). In general, faecal 

pellets of macrofauna were less easily entrained than the ambient ̀ free' sediment in 

areas of cohesive sediment (Nowell et al., 1981). In the Humber Estuary Macoma 

balthica reduced sediment accretion, chlorophyll a content and increased erosion 

rates (Widdows et al., 2000) which had significant implications for the sediment 

accretion rates on the surrounding saltmarsh. Between March 1996 and June 1996 

the sediments had a high erosion threshold which was associated with a well 

developed benthic algal film and low densities of bioturbating Macoma (10-50 m-2), 

which resulted in low sediment accretion on the adjacent Spartina dominated 

saltmarsh. However, between July 1996 and July 1997, there was an increase in 

sediment erosion potential as a result of an increase in the density of Macoma 

(>5000 m-2) which resulted in the resuspension of sediment and higher sediment 

accretion on the adjacent saltmarsh. The potential for the development of saltmarsh 

may, therefore, be affected by biotic processes in the mudflat up to several hundred 

metres away. On mudflats in the Westerschelde (Netherlands) a biofilm of 

microphytobenthos altered the morphology of the mudflat which resulted in a 

twofold increase in sediment stability (de Brouwer et al., 2000). From June onwards 

however, the biofilm disappeared resulting in a gradual erosion of the mudflat. 

These researchers blamed the loss of the biofilm, and consequent sediment erosion, 

on wind-generated waves although there was a concomitant increase in both meio- 

and macrofauna densities. Sediment macrofauna may have important consequences 

for coastal protection as the net erosion of sediment caused by macrofaunal activity 

may be greater than the net deposition of sediment. 
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Hughes (2001) hypothesised that as most potential realignment sites are of 

low elevation (Burd 1995) they would accumulate sediment up to a height where 

erosion, mostly from internal waves, and deposition were in dynamic equilibrium. 

This equilibrium height would be lower in the presence of invertebrate infauna 

which would therefore prevent colonisation by plants directly, by herbivory and 

bioturbation, and indirectly by preventing the sediment reaching the necessary 

elevation for plant colonisation. 

1.1 AIMS 

The aims of this investigation were to examine the interaction between sediment 

invertebrates and vascular halophytic plants, with respect to the success of managed 

realignment schemes and erosion of saltmarshes in south east England. Specifically, 

the existence of two alternative stable states at the mudflat-saltmarsh boundary, one 

dominated by macroinvertebrates, and the other by saltmarsh vegetation (Hughes et 

al., 2000) was tested. Also, the hypotheses of Hughes (2001) regarding the fate of 

low lying realignment sites and the role of invertebrates in exacerbating the erosion 

of saltmarsh creeks were examined as an alternative to the coastal squeeze 

hypothesis (Posford Duvivier Environment, 1991, Boorman, 1992, English Nature, 

1992, Burd, 1992a, Turner, 1995). 

33 



2.0 CHAPTER TWO 

Observations from the Tollesbury Managed Realignment Site 

2.1 INTRODUCTION 

Managed realignment was developed as a policy for sustainable economic 

coastal defence under conditions of rising sea level. Establishment of saltmarsh 

vegetation defines the success of a managed realignment scheme (MAFF, 1999), as 

it will help to achieve conservation objectives, encourage the deposition of sediment, 

stabilise the sediment and reduce wave action to protect the new low embankments 

built on higher land. Examining the factors which affect the colonisation of these 

new intertidal areas, and elsewhere, by saltmarsh vegetation, is therefore a priority. 

A necessary precursor to such a study is to describe the distribution of plants in older 

realignment sites and adjacent marshes. The distribution of plants and 

macroinvertebrates in the managed realignment site at Tollesbury on the Blackwater 

Estuary in Essex was surveyed (Figure 2.1), which was the main focus of this 

research. This Chapter presents data on the distribution and abundance of the 

vegetation and invertebrates that have colonised the Tollesbury realignment site 

from 1997-2000 and compares them with those of the adjacent mature marsh. 
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Figure 2.1 

The location of the managed realignment site at Tollesbury on the Blackwater 
Estuary. 

I 

Tollesbury 
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2.2 SITE DESCRIPTION 

An experimental managed realignment scheme was established at Tollesbury 

in August 1995 (Plate 2.1), as part of the flood and coastal defence research 

programme of the Ministry of Agriculture, Fisheries and Food (MAFF), (now the 

Department for Environment, Food and Rural Affairs (DEFRA)). The site consisted 

of approximately 21ha of low lying agricultural land which had not been exposed to 

tidal inundation for at least 150 years (Reading et al., 1998). A new low un- 

armoured sea wall was built opposite the breach. At Tollesbury the MHWNTL was 

1.65m above ordnance datum (O. D. ) (3.80m above chart datum (C. D. )) and 

MHWSTL was 2.95m above O. D. (5.1Om above C. D. ). 

The investigations were conducted in field three which was the eastermnost 

of the old fields (Plate 2.1) by agreement with others conducting research elsewhere 

in the site, and in the adjacent marsh close to the sea wall (Plate 2.2). In October 

1997, four distinct habitat types were apparent in the realignment site (Plate 2.2). 

These were: 

" the Hydrobia zone (hereafter the H zone). This was an area of sediment that 

remained relatively wet at low tide (Plate 2.3), and was characterised by high 

densities of Hydrobia ulvae (hereafter Hydrobia) on the surface, but with a low 

density of Nereis diversicolor (hereafter Nereis) burrows. This area extended 

from approximately 1.2m above O. D. to 1.6m above O. D. (3.35m - 3.75m above 

C. D. ). 

" the Nereis zone (N zone). These were areas of drier mud than in the H zone and 

adjacent to it, with a higher density of Nereis burrows. The boundaries between 

the N and H zones were often very sharp (Plate 2.3). This area extended from 
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approximately 1.2m above O. D. to 1.6m above O. D. (3.35m - 3.75m above 

C. D. ). 

" the Enteromorpha zone (E zone). Enteromorpha spp. were common on hard 

mounds of soil resulting from one strip being ploughed before inundation. In 

field three this was immediately to the east of the N and H zones. This area 

extended from approximately 1.2m above O. D. to 1.6m above O. D. (3.35m - 

3.75m above C. D. ). 

" the Salicornia zone (S zone). This zone was close to the new sea wall, at the 

highest part of the realignment area, and, by 1997, had been colonised by 

Salicornia europaea agg. (hereafter Salicornia) with low densities of Suaeda 

maritima (hereafter Suaeda). This area extended from approximately 2. Om above 

O. D. to 2.8m above O. D. (4.15m - 4.95m above C. D. ). 

The majority of the realignment site, including field three, was (and remains) bare 

mud comprised of patches of sediment dominated by Nereis or Hydrobia 

For clarity of presentation, Table 2.1 lists the tidal heights of the experiments and 

observations within the realignment site and the adjacent marsh, whilst the dates and 

duration of these experiments and observations are presented in Table 2.2. 
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Plate 2.1 
The Tollesbury managed realignment site. 
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Plate 2.2 
The easternmost field of the Tollesbury realignment site and the adjacent eroding 
marsh. 
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Plate 2.3 
The N and H zones in the realignment site at Tollesbury. 
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Plate 2.4 
The Porlock managed realignment site. 
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Table 2.1 The relative heights of the zones in the realignment site and the 

adjacent marsh of the experiments and observations. 
Height Height Tidal Experiments & Observations see below for details) 

above O. D. (m) above C. D. (m) height N Zone H Zone E Zone S Zone Marsh 
1.2 3.4 2.3.1 2.3.1 2.3.1 2.3.1 

2.3.4 2.3.4 2.3.2 
2.3.7 

1.4 3.6 2.3.1 2.3.1 2.3.1 2.3.1 
2.3.2 2.3.5 2.3.2 
2.3.3 
2.3.6 
2.3.7 

1.6 3.8 MHWNTL 2.3.1 2.3.1 2.3.1 2.3.1 
2.3.2 2.3.5 2.3.2 
2.3.3 2.3.8 
2.3.6 
2.3.7 

1.8 4.0 2.3.2 2.3.2 
2.3.3 2.3.8 
2.3.6 
2.3.7 

2.0 4.2 2.3.3 2.3.1 
2.3.2 2.3.2 
2.3.6 
2.3.7 

2.2 4.4 2.3.3 2.3.1 
2.3.2 2.3.2 
2.3.7 

2.4 4.6 2.3.3 2.3.1 
2.3.2 2.3.2 

2.6 4.8 2.3.1 
2.3.2 2.3.2 

2.8 5.0 2.3.1 
2.3.2 2.3.2 

3.0 5.2 MHWSTL 
2.3.1 Temporal variations in invertebrate distribution and abundance 
2.3.2 The vertical distributions of invertebrates and vegetation 
2.3.3 Density of plant material and invertebrates in the realignment site at 

Tollesbury 
2.3.4 Vertebrate exclusion cages in the realignment site 
2.3.5 Variations in Enteromorpha spp. biomass in the realignment site at 

Tollesbury 
2.3.6 The distribution of young Salicornia plants and adult plants of the previous 

generation in the realignment site at Tollesbury 
2.3.7 The distribution of Salicornia seeds in the surface sediment of the 

realignment site 
2.3.8 Water currents within the creeks in the marsh 
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2.3 METHODS 

2.3.1 Temporal variations in invertebrate distribution and abundance. 
(October 1997 - September 2000). 

Cores of sediment (7.5cm diameter, 20cm depth) were collected periodically, 

and at least every four months, from October 1997 to September 2000, from the 

realignment site and from the adjacent marsh. In the realignment site at least five 

cores were taken from the N, H, E and S zones on each occasion (from 

approximately 1.2m to 1.6m above O. D. in the N, H and E zones, and from 

approximately 2. Om to 2.8m above O. D. in the S zone). In the mature marsh, at least 

five cores were taken from the bottom of the creeks (from approximately 1.4m to 

1.8m above O. D. ) and five from the creek banks (from approximately 1.8m to 2.2m 

above O. D. ) on each occasion. Infaunal invertebrates were only found in the 

sediment of the creeks. None were found where vegetation occurred (see below 

2.3.1.2). The cores were taken to the laboratory and proved difficult to sieve because 

of the high clay content. Instead the cores were carefully broken down by hand to 

extract the macrofauna, the presence of which were often identified by their 

burrows. This sediment was then flooded with sea water and the remaining 

macrofauna removed as they crawled over, or from, the sediment. The sediment was 

disturbed periodically and allowed to settle until no further invertebrates emerged. 

This technique allowed the live Hydrobia to be distinguished from dead ones and 

empty shells. The lengths of all the macrofauna, apart from the Hydrobia, were 

measured. Initially, following this treatment some samples were sieved and only a 

very few small invertebrates were recovered. It was concluded therefore that this 

method was a reasonable and efficient way to extract macroinvertebrates from the 

sediment. 
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2.3.2 The vertical distributions of invertebrates and vegetation. 

(Summer-Autumn 1999). 

In August 1999, in the realignment site, five quadrats (0.25m) were taken at 

every 20cm height interval from 1.6m above O. D. to 2.8m above O. D. to describe 

the vertical distribution of the plants. The majority of the vascular halophytes 

occurred in this vertical range. The heights were measured from a fixed post 

established by the Centre for Ecology and Hydrology at 1.62m above O. D. 

(A. Garbutt pers. comm. ). 

In October 1999, five cores of sediment (7.5cm diameter, 20cm depth) were 

taken from every 20cm height interval from 1.4m above O. D. to 2.4m above O. D. in 

the realignment site. This area covered the mudflat-saltmarsh boundary and 

overlapped the vertical range in which the plant abundances were assessed (see 

above). The cores were taken to the laboratory and the invertebrate densities 

determined using the method described above (2.3.1). 

In July 1999, in the adjacent marsh, three types of erosion feature were 

identified in the creeks; a) cliffs - where the creeks had steep sided, often undercut 

banks (Plate 2.5), b) slumps - where the undercut marsh surface had slumped into 

the creeks (Plate 2.6), and c) eroded slumps - older and eroded slumped sediment 

(Plate 2.6). Five separate examples of each erosion feature were identified, and to 

assess the vertical distribution of plant species over them, quadrats (0.25m2) were 

placed at 20cm height intervals from 1.8m above O. D. to 2.8m above O. D. where 

possible (in some of these sites the marsh surface at the top of the creeks was below 

2.8m above O. D. ). 

In October 1999, five cores of sediment (7.5cm diameter, 20cm depth) were 

taken in the creeks, at every 25cm height interval from 1.2m above O. D. to 2.25m 
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Plate 2.5 
A cliff in Tollesbury marsh. 

.,. r 

Plate 2.6 
Slumped areas in the Tollesbury marsh. 
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above O. D. to describe the vertical distribution of the macrofauna. The other areas 

of bare sediment in the marsh were salt pans in the vegetated surface, at 

approximately 2.95m above O. D., and five core samples were taken from each of 

four salt pans. Apart from these salt pans, saltmarsh vegetation dominated above 

2.2m above O. D., and no sediment dwelling invertebrates were found. All cores 

were taken to the laboratory and the invertebrate densities determined using the 

method described above (2.3.1). 

23.3 Density of plant material and invertebrates in the realignment site at 

Tollesbury. 

To establish if there was a inverse relationship between the density of root 

material and invertebrates, as the alternative stable states hypothesis predicts, in 

October 1999, five cores of sediment (7.5cm diameter, 20cm depth) were taken 

every 20cm, from an area of bare mud, through an area of sparse vegetation to dense 

vegetation, from 1.45m O. D. to 2.25m above OR. In the laboratory the plants in the 

cores were trimmed down to the surface of the sediment and the trimmings removed. 

The sediment was washed through a 0.5mm sieve and the macroinvertebrates and 

root material collected. The root material was dried at 60°C for 24 hours, weighed 

and placed in a muffle furnace at 550°C for eight hours and weighed again. The ash 

free dry weight was calculated. The invertebrates collected from each core were 

identified and counted. 
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2.3.4 Vertebrate exclusion cages in the realignment site. 

(November 1999 - May 2000). 

Hughes (2001) suggested that if invertebrates were important in reducing 

colonisation by saltmarsh plants then the factors which affect invertebrate 

abundance will be important. One factor identified was predation by birds and fish. 

In order to assess the importance of bird and fish predation on invertebrate 

abundance in the Tollesbury realignment site, predator exclusion cages were 

constructed. 

Three types of cage were constructed using bamboo canes and plastic net with a 3cm 

mesh (Plate 2.7): a) complete cages to exclude birds and fish, b) low cages with a 

roof, but no sides, to exclude birds, but allowing access to fish, c) control cages 

which were similar to complete cages but with one side removed to allow birds and 

fish access to the sediment but to control for the physical effects of the cage. 

The cages were placed in the realignment site in November 1999 and five cores of 

sediment (7.5cm diameter, 20 cm depth) were taken from each cage in May 2000 

and January 2001. These were treated using the methods described previously 

(2.3.1). 

2.3.5 Variations in Enteronwrpha spp. biomass in the realignment site at 

Tollesbury. 

Shallow cores (7.5cm diameter, 1 cm deep) were taken from within the E zone 

(between approximately 1.2m to 1.6m above O. D. ) at least every four months. These 

were examined in the laboratory and all visible macrofauna (mostly Hydrobia) 

removed. The samples were dried at 60°C for 24 hours, weighed, placed 
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Plate 2.7 

(1) The position of the vertebrate exclusion cages in field three of the Tollesbury 

realignment site. 
(2) Bird and fish exclusion cage. 

(3) Bird exclusion cage. 

(4) Control cage which acted as a control for the physical presence of the cage. 
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in a muffle furnace for eight hours at 550°C and re-weighed. The abundance of 

Enteromorpha was expressed as ash-free dry weight. 

2.3.6 The distribution of young Salicornia plants and plants of the previous 

generation in the realignment site at Tollesbury. 

(May 1999). 

These observations were to establish if there was a relationship between the 

distribution of seedlings and the presence of adult plants of the previous generation. 

Five parallel 30m transects, running downshore from 5m within the Salicornia zone, 

were established in fields one and three (Plate 2.1) (approximately 1.4m to 2. Om 

above O. D. ) . At 5m intervals a quadrat (0.25m2) was placed and the Salicornia 

seedlings and dead adult Salicornia plants within the quadrat were counted. The 

number of adult plants within a lm radius of the centre of the quadrat was also 

counted. 

23.7 The distribution of Salicornia seeds in the surface sediment of the 

realignment site. 

(November 1999). 

These observations were to assess the dispersal potential of Salicornia seeds, 

and hence their potential for colonising distant sediments. 

Five 60m long parallel transects were established running downshore from 

10m within the S zone on to the mudflat (approximately 1.2m to 2.2m above O. D. ). 

Cores of surface sediment (7.5cm diameter, 2cm depth) were taken every 5m along 

each transect. The cores were sieved through a 0.5mm mesh and any invertebrates 

removed and counted. The sieved sediment was spread out in petri dishes lined with 
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filter paper, and immersed in distilled water (Salicornia seeds require a freshwater 

stimulus to initiate germination). The petri dishes were exposed to a natural light 

regime at room temperature. The seedlings were removed after two, four and six 

weeks and counted. 

23.8 Water currents within the creeks in the marsh. 

(13 August - 14 September 1999). 

This experiment was conducted to assess the spatial variations in the strength 

of the tidal currents in the creeks, their effect on Salicornia distributions, and the 

effects of Salicornia on the reduction of the relative erosive effects of these currents. 

Plastic funnels were used as moulds to produce cones (8.8cm diameter, 7cm 

depth) of plaster of Paris. The recipe used was 1.4kg of plaster to 1 litre of distilled 

water. Split canes (50cm long) were inserted into the base of the cones whilst the 

plaster was setting. The cones were removed from the moulds after one hour at room 

temperature and dried in an oven for 24 hours at 50°C . They were further air dried 

for another 24 hours before being weighed. The cones were placed in ten pairs on 

the banks of the creeks, (approximately 1.6m to 1.8m above O. D. ), using the cane to 

anchor them in place, with the base of the cone approximately 5cm above the 

sediment. The cones were arranged in pairs, on the same bank, one within a patch of 

Salicornia, but not touching any of the plants, and one nearby outside the Salicornia 

patch. The cones were collected after 32 days, placed in a drying oven for 24 hours 

and further air dried for 72 hours. The cones and canes were gently brushed to 

remove any sediment and re-weighed. The weight lost by each cone was calculated. 
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2.3.9 Statistical analysis. 

To calculate the statistical significance of differences in the data throughout 

this thesis, all experiments were analysed using MINITAB or StatsDirect. Normality 

and homogeneity of variance were tested for using the Kolmogorov - Smirnov test 

and Bartlett's test respectively. Data which were not normal were transformed either 

by logio (n+l) or by a square root transformation, or the non-parametric Mann 

Whitney U test or the Kruskal-Wallis test were used. The t-test employed was the 

two sample t-test in MINITAB which assumes unequal variances (Welch Test) 

(Moore and Cobby, 1998), and where applicable, one way ANOVA in MINITAB 

was used. 
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2.4 RESULTS 

2.4.1 Temporal variations in invertebrate distribution and abundance. 

Initially the bare mud in the realignment site was distinguished as H and N 

zones on the basis of the dominance by Hydrobia and Nereis, respectively. This 

separation was not maintained and gradually the differences diminished so that by 

the end of the sampling programme there was no difference in the abundance of the 

two species in the original two zones. Nevertheless samples were taken and were 

experiments conducted in the N and H zones originally identified, although the H 

zone remained visibly wetter than the N zone. 

The dominant macroinvertebrates in the realignment site at Tollesbury were 

Nereis diversicolor and Hydrobia ulvae, the densities of which varied spatially and 

temporally over the sampling period (Figure 2.2). No temporal trend in their 

abundance was apparent however. Most of the Nereis found were in the N and H 

zones (between 180-1220 m2 and 90-2716 m2 in the N and H zones respectively), 

few were found in the E zone (between 45-406 m 2), and in the S zone they were 

rare until September 2000 when a mean of 678 m2 was found. The cores taken from 

the N, H and E zones were from areas of similar tidal heights (from between 1.2m to 

1.6m above O. D. ), whilst those from the S zone were taken from between 2.0m to 

2.8m above OR. The majority of Hydrobia were observed in the H, E and N zones 

(between 678-26,432 m-2,316-46,809 m-2 and 361-16,543 m2 in the H, E and N 

zones respectively), but they were also present in the S zone at relatively low 

densities (between 45-6170 m-2) until September 2000 when a mean of 17,447 m2 

was found. Macoma balthica (hereafter Macoma) occurred only occasionally at high 

densities in the early summer in the N and H zones (2218 and 4391 m2 in the N and 
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H zones respectively in May 1999), but were never observed in the E or S zones 

(Figure 2.2). Nephtys caeca (hereafter Nephtys) were found on only two occasions, 

in November 1999 and March 2000, and only in the N and H zones (135 m2 and 

181-225 m-2 in the N and H zones respectively). 

The length-frequency distributions of Nereis from the N and H zones in the 

realignment site are shown in Figure 2.3. The dominant size class of the worms 

changed over the year. In October 1997, large worms and a cohort of small worms 

were present, but over winter the larger worms disappeared. In the following spring 

large worms were found again but their abundance declined during the summer and 

large worms were next found in July 1999. Small worms were present throughout 

the year. 

The densities of invertebrates in the marsh creeks are shown in Figure 2.4. In 

the bottom of the creeks the invertebrate species were those found in the realignment 

site, but additionally, small numbers of nemertean worms and diptera larvae were 

found also. In the walls of the creeks no Macoma or Nephtys were found, but high 

densities of nemerteans and diptera larvae were recorded. Nereis and Hydrobia were 

not as abundant in the creek wall sediments as in the creek bottoms where their 

densities were within the range found in the realignment site. No temporal trends in 

abundance of the invertebrates in the marsh were apparent. 

2.4.2 The vertical distributions of invertebrates and vegetation. 

(a) Realignment site: 

The dominant vascular halophytes in the realignment site at Tollesbury were 

Salicornia europaea agg. and Suaeda maritima (Figure 2.5). Salicornia extended 

from 1.6 to 2.6m above O. D. and was most abundant at 2. Om above O. D.. Suaeda 
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extended from 2.2 to 2.8m above O. D. and was most abundant at 2.6m above O. D.. 

Enteromorpha spp. and Oscillatoria spp. occurred only at the lowest elevations 

sampled. Typical mid-marsh species were present on the higher ground close to the 

base of the new wall, including Spergularia media and Puccinellia maritima, which 

occurred in low densities, and Atriplex littoralis which was most abundant at the 

base of the new sea wall. 

The highest densities of Nereis and Hydrobia in the transects in the 

realignment site were recorded at 1.4m above O. D., the lowest elevation sampled, 

just below the Salicornia zone, although a few animals were found up to 2. Om and 

2.2m above O. D. respectively in the dense Salicornia zone (Figure 2.6). Many of 

these Hydrobia were on the Salicornia plants. Occasional small Carcinus maenas 

(<I cm) were found in the sediment among the vegetation, as were diptera larvae. 

(b) Marsh: 

The abundance of plant species in the transects over the three erosional 

features in the marsh creeks are shown in Figure 2.7. The marsh gave the appearance 

of an approximately flat vegetated surface, intersected by creeks and basins close to 

the sea wall (Plate 2.2). The marsh surface was 2.2 - 2.95m above O. D. and was 

dominated by Atriplex portulacoides, which was particularly abundant at the creek 

edges, although Puccinellia maritima, Aster tripolium and Suaeda maritima were 

also present. Below 2. Om above O. D. at the edge of the creeks, A. portulacoides was 

interspersed with Salicornia and Suaeda. On the slumped areas where shelves of 

sediment had collapsed into the creeks, Salicornia occurred at densities of over 100 

m-2 at heights of 1.8 and 2.0 m above O. D., whereas it was absent or rare at these 

heights under cliffs where slumping had not occurred. On the eroded slumped areas, 
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Salicornia spp. was the only vascular plant species found at 1.8m above O. D.. At 

this height it grew with Suaeda and A. portulacoides, but was not found above 2.2m 

above O. D.. Salicornia and Suaeda were more abundant on slumped sediment than 

at the same heights in creeks where no slumping had occurred. 

In the marsh, Nereis were found at elevations of approximately 2.95m above 

O. D. in the unvegetated salt pans on the upper surfaces of the marsh (Figure 2.8) in 

densities similar to those found in the creeks at 1.2m above O. D. (Figure 2.9). No 

infauna were found in the vegetated sediment of the marsh. 

2.43 The relationship between the density of plant material and invertebrates 

in the realignment site. 

The variations in the amount of root material in the soil of the vegetated area 

of the realignment site are shown in Figure 2.10. There were significant differences 

in the density of root material across the transect (Kruskal Wallis H =11.15, d. f. = 5, 

p=0.049), with the highest amounts occurring at 2.0m above O. D.. Previously the 

highest density of Salicornia was recorded at 2.0m above O. D. (Figure 2.5). 

Carcinus and Nereis were present at extremely low densities when the root densities 

were greatest (Figure 2.6) but there was no overall correlation between root biomass 

and invertebrate abundance. 

2.4.4 Vertebrate exclusion cages. 

In May 2000, the mean density of Nereis was significantly higher in the bird 

exclusion cages (502m-2) than in the control cages (251m-2) (t = -2.63, d. f. = 8, p= 

0.039) and Macoma was found at a significantly higher density in the bird and fish 

exclusion cages (194m-2) than in the controls (23m 2) (t = -3.38, d. f. = 8, p=0.028) 
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(Figure 2.11). No differences in density were found for Hydrobia, Nephtys or diptera 

larvae at this time. By January 2001, significantly higher densities of Nereis and 

Hydrobia were found in the cages which excluded both birds and fish (1853 

Nereis. m 2 and 19,165 Hydrobia. m 2) than in the control cages (497 Nereis. m 2 and 

8,725 Hydrobia. m 2) (t = -3.9, d. f. = 8, p=0.01 and t= -2.9, d. f. = 8, p=0.02 for 

Nereis and Hydrobia, respectively) (Figure 2.12). 

2.4.5 Variations in Enteronwrpha spp. biomass in the realignment site at 

Tollesbury. 

Although there were no apparent seasonal variations, the biomass of 

Enteromorpha spp. cover varied periodically, with the highest figures recorded in 

October 1997 and 1998, February 1999 and May 1999 (Figure 2.13). The lowest 

densities were observed in April and July 1998 and August 1999. 

2.4.6 The relationship between the distribution of Salicornia seedlings and 

plants of the previous generation in the realignment site. 

The highest density of Salicornia seedlings was found in the S zone 

(approximately 2.0-2.8 m above O. D. ) (Figure 2.14) among the highest density of 

plants of the previous generation. The density of young plants decreased with 

distance from the vegetated area, as did the densities of plants of the previous 

generation (Figure 2.15). No relationship was found between the density of young 

Salicornia plants and the density of plants of the previous generation (Figure 2.16). 
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2.4.7 Distribution of Salicornia seeds in the Tollesbury realignment site. 

The distribution of Salicornia seeds in the surface sediment showed an 

exponential decline with distance from the densely vegetated area (0m) (Figure 

2.17). Even at 5m from the vegetated area, the seeds were significantly rarer than in 

the dense vegetation. The macrofauna found in the same surface sediment samples 

as the Salicornia seeds were Hydrobia and small Macoma (<lcm) (Figure 2.18). 

Hydrobia were present in the S zone (0 and 5m) but Macoma were absent. Deeper 

burrowing macrofauna, including Nereis, were not observed in these samples as the 

cores were too shallow. 

2.4.8 Water currents within the creeks in the marsh. 

There was no significant difference in weight loss by erosion of plaster from 

the cones placed in Salicornia patches and adjacent areas outside the patches (Figure 

2.19). There was, however, considerable spatial variation between the sites with 

losses ranging from 25% to 89% (Figure 2.20) (Plate 2.2). 
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FIGURE 2.4. Temporal variations In the mean densities (+s. e. ) of Invertebrates in the marsh at Tollebury. 
November 1997-September 2000 (n=10) 
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FIGURE 2.5. The variation In the mean densities (+s. e. ) of plant species with elevation In the 
Tollesbury managed realignment site. 
Recorded in August 1999 (n=10). 
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FIGURE 2.6. The mean densities (+s. e. ) of Invertebrates across the mudflat-vegetation boundary 
In the Tollesbury realignment site. 
Recorded October 1999 (n=5). 
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FIGURE 2.8. The mean densities (+s. e. ) of Nerels diverslcolor In four muddy pans 
on the marsh surface at Tollesbury. 
Sampled in October 1999 at 2.95m above O. D. (n=5). 
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FIGURE 2.9. The mean densities (+s. e. ) of Nerels diversicolor In the marsh at Tollesbury. 

Sampled October 1999 (n=5). 
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FIGURE 2.10. Variations In mean (+s. e. ) root weights with elevation at the mudflat-vegetation 
boundary In the Tollesbury realignment site. 
Examined October 1999 (n=5). 
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FIGURE 2.11. The mean (+s. e. ) density of Invertebrates in vertebrate exclusion and control cages 
In the Tollesbury realignment site. 
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FIGURE 2.12. The mean (+s. e. ) density of Invertebrates In vertebrate exclusion and control cages 
In the Tollesbury realignment site. 
(November 1999 - January 2001). 
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FIGURE 2.13. Temporal variations in the mean biomass (+s. e. ) of Enteromorpha app. 
In the E zone of the Tollesbury realignment site. 
n=5. 
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FIGURE 2.14. The mean densities (+s. e. ) of Salicomia europaea agg. seedlings 
from an area of dense vegetation to bare sediment in the Tollesbury realignment site. 
Observed May 1999 (n=10). 
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FIGURE 2.15. The mean densities (+s. e. ) of Salicomie europaea agg. adult plants of the previous 
generation from an area of dense vegetation to bare sediment in the Tollesbury realignment site. 
Observed May 1999 (n=10). 
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FIGURE 2.16. The density of Sallcomia europaea agg. seedlings relative to the adults within 1m 

In the Tollesbury realignment site. 
Observed May 1999 (n=30). 
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FIGURE 2.17. The mean density (+s. e. ) of Salicomia europaea agg. seeds downshore of the 
vegetated area in the Tollesbury realignment site. 
Sampled November 1999 (n=65). 

35000 y= 16356 ° 110 

30000 RZ = 0.7119 

25000 

20000 

E 15000 
46 C 

10000 

5000 
II_#f f 

0 

0 10 20 30 40 50 60 

distance from densely vegetated area (m) 

FIGURE 2.18. The mean densities (+s. e. ) of Invertebrates downshore of the vegetated area In 

the Tollesbury realignment site. 
Sampled November 1995 (n=65). 
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FIGURE 2.19. Mean (+s. e. ) erosion of plaster cones In the mature marsh. 
Trial period: 13 August 1999 - 14 September 1999 (n=10). 
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FIGURE 2.20. Erosion of paired plaster cones In areas of Salicomla and bare sediment 
In the mature marsh. 
Trial period: 13 August 1999 - 14 September 1999. 
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2.5 DISCUSSION 

The managed realignment scheme at Tollesbury was one of the first 

established in the country and was, (and remains) an important experimental area for 

examining several aspects of saltmarsh restoration. The success of the site, however, 

has been affected by the limited colonisation by vascular halophytic plants and the 

continued expanse of bare mud which limits the protection from wave action offered 

to the new sea wall. It is therefore important to investigate the causes of the limited 

colonisation of the site by halophytes. 

Salicornia europaea agg. is an annual pioneer zone plant and the dominant 

vascular halophyte in the realignment site. It produces large numbers of small hairy 

seeds (up to 2mm), most of which are released in the autumn, but do not germinate 

until the following spring. Ellison (1987a), recorded that the majority of seeds 

remained within 10cm of the parent plant, and few were found further than lm 

away. Observations within the Tollesbury realignment site found a similar situation, 

as there was an exponential decline in viable Salicornia seeds with distance from the 

area of dense adult plants (Figure 2.17). The lack of a relationship on a smaller scale 

between the position of young Salicornia plants and the dead adult plants may have 

been due to the high mortality of seedlings soon after germination, for reasons 

discussed later. Some seeds are dispersed by tidal action which undoubtedly is one 

of the most probable methods by which Salicornia came to colonise the realignment 

site. 

The determination of the lower limit of Salicornia distribution is ultimately 

controlled by physical factors relating to inundation, since their seedlings are 
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vulnerable to physical disturbance immediately after germination, and may require a 

few days without tide/wave disturbance to establish in the sediment (Wiehe, 1935). 

However, in sheltered areas biological factors, bioturbation and herbivory may also 

limit their distribution (Gerdol and Hughes, 1993) as indicated by the different 

heights at which the majority of Salicornia occur within the marsh and realignment 

site. 

Only the highest areas of the Tollesbury managed realignment site have been 

colonised by vegetation (1.6m above O. D. to 2.25m above O. D. ). The majority of 

the site has accreted marine-derived sediment which has been colonised by 

macroinvertebrates, mostly Nereis diversicolor and Hydrobia ulvae (Figure 2.2). 

The physical structure of the adjacent mature marsh is very different to that 

of the realignment site with a complex tidal creek network as opposed to the flat 

realignment area (Plate 2.2). The species of flora and fauna in the realignment site 

were also present in the marsh, but with different vertical distribution ranges. The 

pioneer zone vegetation of the marsh extended down to a lower tidal level in the 

marsh than in the realignment site, with the majority of marine invertebrates in the 

marsh confined to the bottoms and sides of the creeks. In the marsh, Salicornia was 

found down to 1.4m above O. D., but in the realignment site they were present only 

down to 1.6m above O. D., apart from a few isolated plants that were lower. Thus in 

the realignment site, elevation alone is not limiting Salicornia to its current 

distribution and nor is elevation alone restricting Nereis to its low distribution. 

Furthermore, the survival of Salicornia in transplant experiments and on 

experimental mats (Chapter Four) also indicate that Salicornia can exist at lower 

elevations than they occur naturally in the realignment site. Nereis were found in the 
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bare mud pans on the top surfaces of the marsh amongst the mid-marsh vegetation, 

at elevations of 2.95m above O. D., higher than the highest areas within the 

realignment site. These worms then, are capable of existing at the same tidal heights 

as the vascular vegetation in the realignment site. Therefore, the possibility exists, of 

mutual exclusion, as predicted by the alternative stable states hypothesis, with 

vegetation excluding Nereis from large areas of saltmarsh and the upper areas of the 

realignment site, and Nereis excluding Salicornia from the bare mud in the 

realignment site and from the creeks in the saltmarsh (apart from the slumped areas 

which do not contain Nereis). 

The boundary between mudflat and pioneer zone saltmarsh is relatively 

sharp (Plate 2.1), and the processes which occur around this boundary may have 

important implications for plant colonisation and the restoration of saltmarsh. 

Macroinvertebrates have been found to significantly affect the colonisation 

and health of pioneer zone vegetation (Gerdol and Hughes, 1993; Emmerson, 

2000). Gerdol and Hughes (1993) found the activities of the amphipod Corophium 

volutator to significantly inhibit colonisation of Salicornia largely through 

preventing the establishment of seedlings, but also through the burial of seeds to 

depths at which they did not germinate. Emmerson (2000) found that Nereis 

diversicolor damaged the root structures of Spartina anglica. The existence of two 

alternative stable states has been proposed at the saltmarsh-mudflat boundary, one 

dominated by invertebrates which prevent the colonisation of plants through 

bioturbation, herbivory and granivory, and one dominated by plants which restrict 

burrowing invertebrates through their root systems (Hughes, 1999). The observed 

distributions of plants and invertebrates both in the mature marsh and realignment 
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site appear to support this hypothesis. Nereis is capable of existing at the highest 

elevations of the marsh at MHWSTL, yet was only present in the unvegetated pans 

on the surface, and the vegetation to have colonised the realignment site was only 

present on the highest areas of the site where few invertebrates have been found, 

possibly either as a result of the high density of roots in this area, or as a result of the 

sediment type which is a hard compacted (agricultural) clay with only a little marine 

sediment deposition, unlike the rest of the site. The most recent observations of 

Nereis distribution (September 2000) found Nereis to have colonised the S zone at 

densities similar to those observed in the N and H zones at the same time. 

If invertebrates influence the colonisation potential of pioneer zone 

vegetation, then the factors affecting their distribution and density have relevance to 

the restoration of saltmarsh too. The resident birds (e. g. redshank and oystercatcher) 

and migratory birds (e. g bar-tailed and black-tailed godwits, shelduck and various 

plovers) which visit the site every autumn and winter may reduce the density of 

invertebrates. During this time, the highest densities of Hydrobia were found 

amongst the mats of Enteromorpha rather than in the bare sediment, and Nereis 

were found at greater depths in the sediment than in the summer (pers. ob. ). The 

vertebrate exclusion experiments were established to examine the effect of birds and 

fish, on invertebrate densities. The cages were established in November 1999, and 

by May 2000 the densities of Nereis in the cages which excluded birds, but allowed 

access to fish, were significantly higher than in the control cages. The density of 

Macoma balthica was significantly higher in the cages which excluded both fish and 

birds than in control cages. By January 2001 however, significantly higher densities 

of Nereis and Hydrobia were found in the cages which excluded both birds and fish 
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than in the control cages. When the cages were sampled in May, the migratory birds 

had left and the predation pressure in the control areas was reduced. In January these 

birds were still present These differences may account for the more even distribution 

of Hydrobia in the samples taken in May and the significantly higher density of the 

gastropods in the cages during January when those in the control areas were under 

greater predation pressure. 

This small study confirms that in the realignment site, predation (particularly 

bird predation) may reduce the density of invertebrates, with potential positive 

consequences for saltmarsh establishment. Dabom et al. 1993, described a trophic 

cascade, where predation by the semipalmated sandpiper on Corophium volutator 

was responsible for an increase in sediment stability by allowing microphytobenthos 

to proliferate. A similar affect may be occurring in the Tollesbury realignment site. 

In the control cages, and in the sediment around the experiments, bird footprints 

were common, especially in winter, to the extent that no area of mud was not 

impacted by them. This is in contrast to the creeks in the saltmarsh where throughout 

this study bird footprints were rarely seen. Hughes (2001) considered that, in the 

creeks, bird predation on invertebrates may be relatively low because the birds may 

avoid the creeks as they have restricted view of potential predators. Hughes (2001) 

suggested, in an extension of the trophic cascade concept, that if bird predation was 

important in realignment sites it could be encouraged by deterring human 

interference by, for example, re-routing footpaths away from the surrounding sea 

walls. 

In the marsh, experiments were conducted to examine any differences in 

tidal action in areas which Salicornia had colonised and adjacent areas of bare mud 
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at the same tidal height. The plaster cones in the two types of environment (amongst 

Salicornia and in an area of bare sediment) eroded at the same rate. Since the effect 

of tidal action is more likely to have a deleterious effect on Salicornia seeds and 

seedlings in the marsh creeks than in the realignment site, because of the higher 

current speeds, it is concluded that tidal currents would not limit the distribution of 

Salicornia in the realignment site. However, on the open mudflats of the realignment 

site, internal wave action is the more significant form of physical disturbance to 

seeds and seedlings and some restriction in the distribution of Salicornia by waves 

may occur. Wiehe (1935) concluded that Salicornia could not attain high abundance 

below MHWNTL because of disturbance by moving water. However, in the 

realignment site MHWNTL is at 1.65m above O. D. and Salicornia were not 

abundant below 2. Om above O. D. indicating that water movement and tidal levels 

were not limiting its downshore distribution. 

The occasional high abundance of Enteromorpha spp. mats may also have 

affected the survival of Salicornia. In the realignment site, the biomass of 

Enteromorpha spp., was greatest during February 1999 and May 1999 when 

Salicornia seeds were germinating and seedlings were small. Dense blankets of 

Enteromorpha spp. may reduce germination and seedling survival by creating 

anoxic conditions in the sediment, and it has been suggested that they prevent 

Salicornia from rooting and establishing themselves in the sediment as the blankets 

of algae rise with every tide and lift the seedlings (M. Johnson, pers. comm. ). 



3.0 CHAPTER THREE 

Laboratory investigations 

3.1 INTRODUCTION 

Salicornia europaea agg. was the dominant vascular halophyte in the 

Tollesbury realignment site. The lowest elevations of Salicornia in the realignment 

site and the adjacent marsh at Tollesbury were not the same (Chapter Two), 

indicating that a parameter, or parameters, other than one related to the tidal height, 

were determining the lowest extent of the distribution this species in these areas. 

The dominant macroinvertebrates within the realignment site were Nereis 

diversicolor and Hydrobia ulvae (Chapter Two). While Hydrobia were present in all 

the zones of the realignment site, Nereis were found only in unvegetated areas. In 

the adjacent marsh, Nereis were present in the bottoms of the creeks, but not in the 

slumped sediment, and in the bare muddy salt pans amongst the mid-marsh 

vegetation. These observations of mutually exclusive distributions support the 

alternative stable state hypothesis, that at the mudflat-saltmarsh boundary there are 

two states, one dominated by vegetation which excludes burrowing invertebrates 

with their root systems, and the other dominated by infaunal invertebrates which 

exclude vegetation through bioturbation, herbivory and granivory (Hughes, 1999, 

2001). 

Laboratory experiments were conducted to test the alternative stable states 

hypothesis and to help explain these mutually exclusive distributions. The 

experiments tested whether saltmarsh plants deter burrowing by Nereis, and whether 

Nereis and Hydrobia prevent successful establishment of Salicornia from seeds. In 
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addition, three other factors which could affect the colonisation of sediments by 

Salicornia were also examined. First, the effect of age on seed viability and whether 

a seed bank could exist from year to year, and second, the ability of Salicornia seeds 

to produce seedlings when buried by sediment, which may be particularly important 

in realignment sites where the deposition of sediment may be relatively rapid. 

Thirdly, the effects of Enteromorpha spp. in preventing Salicornia seedling 

establishment. This may be important in these estuaries as attached blankets of 

Enteromorpha spp. are often present on the mudflats around the mudflat-saltmarsh 

boundary. 
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3.2 METHODS 

3.2.1 The effect of Salicornia on Nereis burrowing behaviour. 

Five cores (7.5cm diameter, 15cm depth) of three types of sediment were 

collected from the Tollesbury realignment site. The cores were from (a) an area of 

dense Salicornia (S Zone), (b) from the boundary area between the S Zone and bare 

sediment, and (c) sediment taken from an area where Nereis occurred (N zone), and 

from which the worms were removed. The sediment from the S Zone was composed 

largely of ex-agricultural soil (clay), with dense populations of Salicornia. The cores 

from the boundary area were of ex-agricultural soil too, but with a thin layer 

(approximately 3cm) of soft, marine-derived sediment on the surface, with a few 

Salicornia plants. The sediment from the N zone was composed entirely of soft 

marine derived sediment with no Salicornia. The sediments were retained in plastic 

cores and three Nereis (3-5cm length) were added separately to each core. The 

behaviour of each worms was recorded, particularly the type of any burrow 

constructed and the time taken to construct each burrow, which was determined as 

the time taken for the worm to disappear from the surface. 

3.2.2 The effect of Nereis on Salicornia germination success and seedling 

survival. 

Three Nereis ( 3-5cm length) were allowed to burrow in each of fifteen 

separate cores of sediment (7.5cm diameter, 15 cm depth) taken from the N zone at 

Tollesbury. Fifteen control cores, from which worms were removed, were also 

established. Twenty Salicornia seeds (approximately two months old), were soaked 
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in distilled water for 24 hours to stimulate germination, and added to each core. The 

sediment was kept wet with distilled water to maintain the salinity at 33, and left for 

eight weeks at room temperature under a natural light regime in January. The 

seedlings in each core were counted periodically throughout the experiment. 

A similar experiment was conducted using Salicornia seedlings, previously 

grown to a height of Icm, to investigate the effects of Nereis on seedling survival. 

Twenty seedlings were place into each of 30 cores, 15 with Nereis and 15 without 

(as described above). The number of surviving seedlings in each core was counted 

after eight weeks. 

3.2.3 The effect of Hydrobia on Salicornia seed and seedling survival. 

Two experiments, similar to those described for Nereis (see above), were 

conducted using Hydrobia. The experiments were conducted using forty shallow 

cores of sediment (5cm diameter, 0.5 cm depth). Twenty seeds, soaked in distilled 

water for 24 hours, were added to each of twenty cores, and twenty seedlings (0.5cm 

height) were added to each of the other twenty cores. Twenty Hydrobia were added 

to ten of the cores with seeds and to ten of the cores with seedlings. The sediment, 

originally wet with sea water, was kept wet by the addition of distilled water 

throughout the experiment. The surviving seeds and seedlings were counted after 

four weeks. 

3.2.4 The effect of seed burial depth on Salicornia seedling production. 

Salicornia seeds were soaked in distilled water for 24 hours to stimulate 

germination. Ten seeds were placed into each of 25 containers under five different 

79 



depths of sediment, 0cm (control), 0.5cm, 1cm, 1.5cm and 2cm, with five replicates 

of each depth. The sediment was kept wet with distilled water, and left under a 

natural light regime in May 1999 for 22 days, when the number of seedlings in each 

container was counted. 

3.2.5 The effect of Salicornia seed age on germination success. 

Salicornia seeds were collected from South Woodham Ferrers, Essex (1996) 

and the Tollesbury realignment site (1997,1998 and 1999). The experiment was 

conducted in autumn 1999 immediately after the seeds for that year were harvested. 

The seeds of the previous years were stored dry, at room temperature, and in the 

dark. 

Twenty seeds of each age, were placed into each of 13 petri dishes (5cm 

diameter) containing filter paper soaked in distilled water. The dishes were kept 

moist with distilled water and placed under natural light conditions for three weeks 

after which the germination rate, measured as the number of seedlings, was 

recorded 

3.2.6 The effect of Enteromorpha spp. on Salicornia germination success and 

seedling survival. 

Salicornia seeds were soaked in distilled water for 24 hours to stimulate 

germination. Ten seeds were placed in each of 40 containers of sediment (5.8cm 

diameter, 7cm depth). The seeds in 30 were then covered with a layer of 

Enteromorpha from the Tollesbury realignment site. Three quantities of 

Enteromorpha were used, of approximate depths of 10mm, 2mm and I mm. Ten 
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containers were used for each density of Enteromorpha. Ten control containers in 

which no Enteromorpha had been placed were also established. The containers were 

filled with sea water to a depth of 1cm and the water level maintained by the 

addition of distilled water. After 43 days, the number of seedlings was counted. 

81 



3.3 RESULTS 

3.3.1 The effect of Salicornia on Nereis burrowing behaviour. 

Nereis formed significantly fewer burrows in sediment containing Salicornia 

plants than in the controls (t = 2.68, d. f. = 8, p=0.04) (Figure 3.1), but the number 

of burrows formed in the boundary sediment was similar to that of the control area. 

The data shown in Figure 3.1 are those where the animal created a `true' burrow i. e. 

tunnelled vertically in the sediment. Other methods of disappearing from the surface 

were also observed (Table 3.1); one where the worm burrowed down the sides of the 

core between the plastic corer and the sediment where the sediment was looser (side 

burrow), and another where the animals rolled on the surface, collecting sediment 

particles to the mucus surrounding their bodies until camouflaged in a mucus tube 

with adherent sediment particles (surface camouflage). These data also include those 

worms which displaced others by forcing the original worm from their burrow 

(eviction). 

Table 3.1 The number and type of burrows formed by Nereis in sediment of three 

different types (n=5). 

true burrow side burrow surface eviction no burrow 
camouflage 

control 7 4 0 2 2 
sediment 
boundary 8 3 0 2 2 
sediment 

Salicornia 1 3 7 0 4 
sediment 
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The time taken to form true burrows in the boundary sediment was 

significantly less than in the control sediment (t = 2.39, d. f. = 13, p=0.038) (Figure 

3.2). 

3.3.2 The effect of Nereis on Salicornia germination success and seedling 

survival. 

Nereis had a significantly negative effect on Salicornia seedling production 

from seeds (t = 4.34, d. f. = 28, p=0.0002) and on seedling survival (t = 11.63, d. f. 

= 28, p= <0.0001) (Figure 3.3). 

3.3.3 The effect of Hydrobia on Salicornia seed and seedling survival. 

Hydrobia had no significant effect on the production of seedlings from seeds, 

but had a significant negative effect on the survival of seedlings (t = 5.85, d. f. = 18, 

p= <0.0001) (Figure 3.4). 

3.3.4 The effect of seed burial depth on Salicornia seedling establishment. 

None of the Salicornia seeds germinated when buried under sediment. Only 

24% ± 8.1% s. e. seeds germinated on the surface. 

3.3.5 The effect of seed age on Salicornia germination success. 

The viability of seeds decreased with time (ANOVA, F= 143.47, d. f. = 51, p 

= <0.001, Tukey's pairwise comparison) from 92% in new seeds to 17% in three 

year old seeds (Figure 3.5). 
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3.3.6 The effect of Enteronwrpha spp. on Salicornia germination success and 

seedling survival. 

Shallow depths of Enteromorpha (1-2mm) had no significant effect on seedling 

production and survival (Figure 3.6), but the dense layer of 10mm Enteromorpha 

reduced seedling production and survival significantly (Mann-Whitney, W=149.5, 

n=10, p=0.0009). 
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FIGURE 3.1. The mean (+s. e. ) proportion of Nerels diverslcolorthat burrowed In each sediment type. 
n=5. 
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FIGURE 3.2. The mean (+s. e. ) time taken for Nerels diversicolorto form burrows. 
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FIGURE 3.3. The effect of Nerels diversicoloron the (a) seedling production and (b) seedling 
survival of Salicomis europaea agg. (mean survival+s. e. ). 
n=15. 
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FIGURE 3.4. The effect of Hydrobla ulvae on the (a) seedling production and (b) seedling survival 
of Salicomla europaea agg. (mean survival+s. e. ). 
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FIGURE 3.5. Variation In the germination success of Salicomla europaea agg. seeds of different ages. 
n=13. 
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FIGURE 3.6. The proportion of Salicomla europaea agg. seeds that produced seedlings 
under Enteromorpha spp. 
n=10. 
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3.4 DISCUSSION 

The results of these laboratory experiments support the alternative stable 

states hypothesis. The presence of dense Salicornia significantly reduced burrow 

formation by Nereis (Figure 3.1), and the presence of Nereis significantly decreased 

the production and survival of Salicornia seeds and seedlings (Figure 3.3). However, 

the sediment type may have affected the burrowing activity of the Nereis. The 

sediment in cores with dense Salicornia plants was taken from the S zone which was 

composed largely of clay, whilst the sediment from the N zone, which filled the 

control cores, was much softer and composed of marine derived sediment. However, 

the low rate of burrow production in cores with sediment from the boundary area, 

would suggest that the presence of plants was the more important factor, as these 

cores had a 3cm layer of soft sediment at the surface. 

Nereis diversicolor may feed in four main ways; filter feeding, predation, 

scavenging and deposit feeding, the last of which seems to be predominant in these 

estuaries (Smith et al., 1996). In aquaria, the polychaetes were observed partly 

emerging from their burrows and taking mouthfuls of sediment from around their 

burrow entrances and consumed seeds and seedlings, although there did not appear 

to be any deliberate selection of plants. Bioturbation was also a probable cause of 

seed and seedling mortality as the feeding movements of Nereis across the sediment 

buried some seeds and continually disturbed the seedlings. 

The voraciousness of Nereis was demonstrated by adding fish flake to an 

aquarium containing mud with burrowed Nereis and 0.5cm of water. A few seconds 

after adding the food, the worms emerged from their burrows, grasped pieces of fish 

flake, by everting this probosces, and retreating back into their burrows. It appeared 
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that the worms were able to detect the presence of this food by chemoreception. 

Further research on this aspect of Nereis feeding behaviour would be interesting, 

particularly in view of their apparent role in these ecosystems. 

The activity of Hydrobia differed from Nereis in that they remain on the 

surface where they are active grazers of the microphytobenthos (Austen et al., 

1999). In these experiments, their presence did not affect the germination rate of 

Salicornia seeds, but the constant disturbance of seedlings prevented many seedlings 

from establishing in the sediment. 

There is a considerable body of literature on bioturbation in general, and 

more specifically on the negative interactions between plants and invertebrates. The 

density of the decapod Neotrypaea californiensis decreased in abundance when 

seagrasses colonised the substrata, but experimental removal of seagrasses allowed 

N. californiensis to recolonise the sediment (Harrison, 1987); the density of the 

bivalve Polymesoda caroliniana was inversely related to the biomass of roots and 

rhizomes in sediment (Capehart and Hackney, 1989); the amphipod Corophium 

volutator prevented Salicornia seedlings from establishing themselves in the 

sediment, and buried seeds to depths at which they would not germinate (Gerdol and 

Hughes, 1993); Corophium volutator and Nereis significantly reduced the density of 

diatoms in sediment (Smith et al., 1996); macroalgal mats had a significant negative 

effect on the density of Corophium volutator (Raffaelli, 2000) and Nereis reduced 

the survival of Zostera noltii (Hughes et al., 2000). 

These results, particularly those for Nereis, have significant implications for 

the success of managed realignment schemes as the success of these sites is 

dependent on their colonisation by saltmarsh vegetation (MAFF, 1999). The tidal 
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heights at which relatively high densities of Nereis can occur, overlap with those of 

pioneer and mid-marsh vegetation (Chapter Two), and their presence is likely to 

reduce the ability of plants to colonise sediments. Consequently the presence of high 

densities of Nereis and other invertebrates in a developing realignment site is likely 

to reduce or prevent saltmarsh development, and hence reduce the perceived success 

of the scheme. 

Outside the area colonised by dense vegetation in the Tollesbury realignment 

site, the dominant factors affecting Salicornia seed germination, apart from the 

invertebrates, are likely to be burial by sediment, overgrowth by Enteromorpha spp. 

and physical disturbance by water movement. In the laboratory experiments, no 

seeds produced seedlings from under any depth of sediment. This has implications 

on the speed at which the Tollesbury realignment site and future realignment sites 

may develop saltmarsh vegetation. Since many of the realignment sites are likely to 

be created from agricultural land which has been reclaimed from the tidal system at 

various times in the past, this land is likely to be lower than the surrounding 

intertidal areas as the area has dried and shrunk over the years (Burd, 1995). 

Sediment will accumulate at high rates in these newly intertidal areas. However, 

according to the results of these laboratory experiments, the burial of Salicornia 

seeds will prevent their germination. The increased elevation of sediment in 

realignment sites is an essential precursor to the establishment of saltmarsh 

vegetation, and may even be necessary to enhance sedimentation in order to increase 

the height of the sites to one suitable for the colonisation of some saltmarsh plant 

species (French, November 1995), but one further effect of encouraging the 

deposition of marine sediment, is that infaunal invertebrates will also be attracted to 
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the area. The balance between encouraging sedimentation to a height suitable for 

plant colonisation but avoiding high densities of invertebrates will be difficult to 

achieve. Hughes (2001), suggested that this may involve the use of coarse sediment 

in which invertebrates might not burrow. 

The viability of the seeds, stored dry at room temperature, declined with age 

(Figure 3.5), and it may be assumed that the seed bank for Salicornia is exhausted or 

nearly exhausted every summer. Salicornia seeds germinate very easily but require a 

freshwater trigger to initiate germination (Ungar, 1962, Ungar et al., 1979) and 

seeds which are buried are unlikely to be exposed to freshwater. 

Under a shallow layer of Enteromorpha spp. (1-2mm), Salicornia seedling 

production was not affected (Figure 3.6). However, a more dense layer of 

Enteromorpha (10mm) resulted in significantly reduced seedling production. Within 

the Tollesbury realignment site the dense blankets of Enteromorpha spp. tended to 

occur in the spring (Chapter Two), with lower densities occurring over the summer. 

The occurrence of these dense mats in the spring may reduce Salicornia abundance 

since the seeds germinate from late winter to early summer. Furthermore, under 

natural conditions the sediment under the Enteromorpha mats becomes anoxic and 

this may inhibit germination. One other aspect of the potential effect of 

Enteromorpha on Salicornia seedlings, not examined here, is that under tidal water 

movement, rising Enteromorpha may pull Salicornia seedlings from the sediment 

(M. Johnson pers. comm. ). 
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4.0 CHAPTER FOUR 

Field experiments at Tollesbury, Essex 

4.1 INTRODUCTION 

The laboratory experiments (Chapter Three) demonstrated that Nereis and 

Hydrobia may prevent the successful establishment of Salicornia seedlings and that 

Salicornia may deter burrowing by Nereis. The potential consequences of these 

interactions in affecting the distributions of these species were investigated in the 

Tollesbury realignment site, and in the adjacent mature marsh, in experiments in 

which the activities of the burrowing invertebrates at the sediment surface were 

prevented. 

The basis of the experiments was `exclusion' of the invertebrates, mostly 

Nereis, by using mats laid on the surface. This technique is a development of that 

used by Hughes (1999) who showed that laying net on the sediment prevented 

Nereis from feeding at the surface, which facilitated sediment accretion and 

colonisation by filamentous algae. For the exclusion experiments conducted for this 

thesis, it was necessary to achieve the long term exclusion of Nereis from 

experimental areas. Collecting, sieving and replacing the sediment over the mats was 

not considered appropriate, as recolonisation by worms could occur soon afterward. 

Gerdol and Hughes (1993) used insecticide spray to remove Corophium volutator 

without disturbing the sediment, but this technique does not work with Nereis, and 

again recolonisation could occur. 
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Here, the main hypothesis tested was whether by using similar exclusion 

techniques in the realignment site and in the saltmarsh creeks, sediment accretion 

and colonisation by microphytobenthos, filamentous algae, and ultimately saltmarsh 

plants, would occur to a greater extent than in nearby control areas. 

The experiments were conducted at heights of between 1.2m above O. D. to 

1.6m above O. D. (3.35m - 3.75m above C. D. ) in the N, H and E zones, and between 

2. Om - 2.8m above O. D. (4.15m - 4.95m above C. D. ) in the S zone. 

For clarity of presentation, Table 4.1 lists the dates and the duration of 

experiments and observations in Tollesbury managed realignment site and adjacent 

marsh. 
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4.2 METHODS 

4.2.1 Invertebrate exclusion experiments. 

The following experiments were conducted using three different types of mat 

to exclude burrowing invertebrates (mainly Nereis) from the surface. These were a) 

Greenfix Mulchmat, type W-670 DF with jute backing, b) Greenfix Eromat, type 7 

with jute backing, and c) 28 gauge net curtain. The Greenfix mats are commercially 

available in large quantities and are used for stabilising sloping soils (eromat) or as a 

mulching medium (mulchmat). The mats were supplied by Phi Group Limited, 

Harcourt House, Royal Crescent, Cheltenham, Gloucestershire, GL50 3DA. 

The mats were pinned to the surface of the sediment and, at first, affected the 

sediment processes at the surface directly. However, in trials, the mats rapidly 

accreted sediment to depths at which they were not easily discernible from the 

surface and thereafter would not have affected the sediment surface directly. 

The following experiments were conducted in field three of the Tollesbury 

realignment site in the N, H, E and S zones (see page 36 for further details). 

For simplicity in presentation, the following invertebrate exclusion 

experiments are referred to as R, for experiments within the realignment site, and M, 

for those conducted in the adjacent marsh. 

4.2.1.1 Experiments 1R and 1M. 

(1R: January 1998 -January 1999, iM: January 1998 - February 1999). 

Five Im 2 squares of each mat type were pinned onto the sediment in each of the N, 

H, E, and S zones of the realignment site. In each zone the squares were arranged in 

five separate groups of three, each group including one of each mat type 
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Plate 4.1 

,,., : i 
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The invertebrate exclusion mats in the Tollesbury realignment site (Experiment 1 R). 

Plate 4.2 
The invertebrate exclusion mats in the marsh at Tollesbury (Experiment 1 M). 



Plate 4.1). An adjacent Im2 area of sediment was designated as a control at the 

beginning of the experiment. In the adjacent marsh, five Im x 2m lengths of each 

mat type were pinned to the sides of the creeks in the marsh, to extend from the cliff 

wall down into the mud in the creek bottoms. Also, these mats were arranged in five 

groups of three, each group containing one mat of each type (Plate 4.2). 

Samples were taken from the mats, and from areas of adjacent sediment 

designated as controls at the beginning of the experiment, every three months for a 

year. The chlorophyll a content and invertebrate densities were measured and the 

depth of sediment accreted estimated. In the realignment site one sample was taken 

from each mat and in the mature marsh, two samples were taken from each mat and 

control area, one from the bottom in the creek, and one from the creek wall. 

(a) Estimation of chlorophyll a content and invertebrate densities. 

To estimate the chlorophyll a content of the sediment (as a measure of the 

abundance of diatoms and Enteromorpha) and invertebrate densities, an area of 

approximately 5x 5cm of each mat, and the sediment that it had accreted was 

removed. The sediment was immediately placed in the dark and frozen within five 

hours of collection until use. The extraction process began as soon as possible after 

collection to minimise chlorophyll degradation. On thawing the actual size of the 

mat samples was measured and the mat material and sediment sorted carefully and 

any invertebrates removed. The length of all the invertebrates, apart from Hydrobia, 

was measured. The sediment was spread thinly inside glass petri dishes and freeze 

dried for 36 hours in the dark and transferred to centrifuge tubes where a known 

quantity of 90% acetone was added. The samples were refrigerated at 5°C in the 
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dark for 12 hours before being centrifuged at 3000rpm for 7 minutes. The 

supernatant was placed in a spectrophotometer and the absorbence of wavelengths at 

630,647 and 664 nm measured. The chlorophyll a content of the sediment was 

calculated using the formulae given by Jeffrey and Humphrey (1975). Where 

diatoms were dominant (N, H, and S zones) the formula used was, 

chlorophyll a= I 1.47E- 0.04E630 

and where green algae (Enteromorpha spp. ) were dominant (E zone) the formula 

used was, 

chlorophyll a =11.93F. ß - 1.93F. M7. 

In the adjacent control areas, sediment samples were taken from an area 

close to the three mats. A shallow core of sediment was collected (7.5cm diameter, 

2cm depth), and the invertebrates removed and the chlorophyll a content calculated 

using the method described above (2.3.1.1. ). A second core was collected from the 

same hole as the first core, but to a depth of 18cm. The invertebrate densities, to a 

depth of 20cm, were calculated by summing the invertebrates recovered from both 

cores. The length of all invertebrates, apart from Hydrobia, was measured. 

(b) Sediment accretion. 

Sediment accretion was measured in two ways. After three and six months, 

the amounts of sediment were calculated by burning the centrifuged pellets after the 

chlorophyll extraction (see above), to 550°C to remove the organic matter (including 

mat material). The ash free dry weight was recorded. Subsequent experiments were 

conducted to calculate the relationship between depth and weight of sediment so 

these weight measurements were later converted to depths. After nine months and 
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later, when more sediment had accumulated, the depth of the sediment deposited 

over the mats was measured directly, to the nearest mm, by pushing a rule into the 

sediment until it met with the resistance of the mat. 

4.2.1.2 Experiments 2R and 2M. 

(April 1998 -August 1998). 

The previous experiments (1R and 1M) were established in January 1998, 

after most Salicornia plants had shed their seeds. The subsequent absence of 

Salicornia seedlings on the mats in experiment 1 may have been due to this lateness. 

Consequently experiments 2R and 2M which used only mulchmats and control 

areas, into which seeds were added, were devised to establish whether or not 

Salicornia seedlings could establish from seeds on the mats in these experimental 

areas. 

In the laboratory, approximately 2800 Salicornia sp. seeds were sprinkled onto 

each of 25 0.25m2 areas of mulchmat and soaked in distilled water for two days to 

stimulate germination. Five mats were placed into each of the four zones within the 

realignment site, and five mats were placed at the bottom of the creeks within the 

mature marsh. An area of bare mud (0.25m2) next to each pre-seeded mat was 

marked, and a similar number of seeds sprinkled on the surface. 

4.2.1.3 Experiments 3R and 3M. 

(November 1998 - Spring 1999). 

These experiments were similar to 1R and 1M and established in November, 

before the majority of seeds were shed from the Salicornia plants for that year. 

99 



Eromat was not used in this and further trials, as Nereis burrows had been observed 

in the sediment above the mat and it seemed Nereis were able to burrow through the 

loose fibres of the mat. 

Five lm2 squares of mulchmat and net were pinned in pairs to the sediment 

in each of the N, H and S zones of the realignment site, as described above (4.2.1.1). 

Five strips of mulchmat and net (0.5m x 2m) were pinned in pairs to the sides of the 

creeks in the mature marsh to extend from the cliff edges down to the bare mud at 

the bottoms of the creeks. 

In April 1999, the density of plants on each mat was calculated from counts of 

the vascular plants and as % coverage for algae and cyanobacteria. In May 1999 

samples of the mats (approximately 5x 5cm) and the accreted sediment above the 

mat were removed and examined for invertebrates, as described above (4.2.1.1. a). 

The depth of sediment deposited on the mats was measured with a rule as described 

above (4.2.1.1. b. ). 

4.2.1.4 Experiments 4R and 4M. 

(4R: July 1999 - August 2000,4M: October 1999 - June 2000). 

Observations of the clustering of Salicornia seedlings close to mature plants 

of the previous generation (Plate 4.3. ) indicated that seed dispersal was generally 

limited to approximately lm, and that the failure of some of the mats in experiments 

I and 3 to be colonised by Salicornia could be because their distance to the source 

of seeds was too large. This experiment was designed to remove this variable and to 

test the hypothesis that mats may be colonised by Salicornia, whilst bare mud is not, 

when both have an adequate supply of seeds. 
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Plate 4.3 
The invertebrate exclusion mats in the marsh at Tollesbury (Experiment 3M). 

Plate 4.4 
Cores of Salicornia in the centre of invertebrate exclusion mats and in control areas 
of the Tollesbury realignment site (Experiment 4R). 
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Five squares of mulchmat (1.5m x 1.5m) were pinned to the sediment surface 

in the N and H zones of the realignment site. Box cores of sediment (0.25m x 0.25m 

x 0.15m deep) from the S zone containing Salicornia were transplanted into holes of 

the same dimensions removed from under areas cut in the centre of the mats. The 

cores were planted flush with the surrounding sediment. The same number of box 

cores of vegetated sediment were planted into bare mud at the same tidal height 3m 

from the mats to act as controls (Plate 4.4). 

In the creeks of the marsh a similar experiment was established in October 1999. 

Five squares of mulchmat (Im x Im) were pinned to the bottom of creeks and 

similar box cores of sediment with Salicornia plants were transplanted to the centre 

of the mats, and to control areas 2m from the mats. 

In August 2000, the number of vascular plants on each mat was counted. The 

depth of sediment deposited on the mats was measured with a rule as described 

above (4.2.1.1. b). 

4.2.1.5 Experiment 5M. 

(October 1999 -May 2000). 

In experiment 1M some of the mats placed where the tidal currents were 

relatively fast, accumulated more sediment than the mats placed where the currents 

were slower. To investigate this further, in October 1999, lengths of mat were placed 

across creeks of fast flowing water to examine the rate of sediment deposition and 

the effect of flow on the distribution of Salicornia seeds. Five 2m x lm strips of 

mulchmat were placed across narrow creeks where tidal currents were relatively 
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fast. The mats were examined for sediment accretion and Salicornia colonisation in 

May 2000 as described above (4.2.1.4). 

4.2.2 Invertebrate colonisation of non-vegetated areas in the S zone. 

(July 1999 - September 2000). 

The holes left in the S zone, from which the box cores were taken for 

experiment 4R (4.2.1.4), were infilled with surface sediment taken from the N zone. 

Cores of sediment (7.5cm diameter, 20cm depth) were taken from each area after 14 

months and examined for invertebrates as described above (2.3.1.1). 

4.2.3 Measurement of sediment shear strength in the mature marsh. 

(August 1999) 

A Torvane (ELE International) was used to determine the shear strength of 

the sediment at the bottom of the creeks and on the side of the banks in the control 

areas, and on the sediment accreted over the mats from experiment 3M. Five 

readings were taken of the sediment at the bottoms of the creeks in the control areas 

and on mats, and five on the creek walls in the control areas and mats. The control 

areas were bare sediment next to each pair of mats. 
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4.3 RESULTS 

4.3.1 Invertebrate exclusion experiments. 

4.3.1.1 Experiments 1R and 1M. 

(a) Sediment deposition. 

After one year, approximately 4cm of sediment had deposited on the mats in 

the N and H zones of the realignment site (3.3mm. month") and approximately 

2.5cm in the E zone (2.1mm. month7t) (Figure 4.1). Less than 1cm of sediment 

accreted on mats in the S zone after twelve months (0.8mm. month"1). There were no 

differences in the amounts of sediment deposited on the different mat types. After 

twelve months the locations of the mats in the H, N and E zones were not easily 

seen, as the depth of sediment deposited over the mats was the same as that 

deposited on the surrounding control sediment. The mats in the S zone were still 

visible however. 

Less sediment was deposited on the mats in the mature marsh than in the 

realignment site as only approximately 2cm of sediment was deposited on the mats 

after one year (1.7mm. month"1) (Figure 4.2). The first layers of sediment deposited 

on the mats on the walls of the creek in April 1998, were unstable and subsequently 

slid down the mats. In the marsh the sediment deposited on the mats was proud of 

the surrounding control sediment, unlike in the realignment site. 

(b) Invertebrate densities. 

Realignment site: 

The densities of the main invertebrates species found in control sediment and in the 

sediment accreted above the mats in March 1998, June 1998, September 1998 and 

January 1999 are shown in Figures 4.3 - 4.6 respectively. The mats were 
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established to exclude burrowing invertebrates, but the depth of sediment on some of 

the mats in the realignment site was sufficient to allow some small invertebrates to 

colonise (Figure 4.1). The dominant invertebrates in the sediment above the mats 

were small Nereis, Hydrobia, Macoma and diptera larvae. The mats were not 

expected to exclude Hydrobia, since they move freely over the surface of the 

sediment. The mats effectively excluded large Nereis in all zones (Figure 4.7), but 

numerically, the presence of small worms often hid this effect (Figures 4.3 - 4.6). 

The exclusion of the larger worms is important however, and makes the numerical 

difference insignificant. No other differences in the invertebrate densities were 

observed between the control and mat treatments in the N and H zones. No 

invertebrates colonised the mats in the S zone and none were found in the control 

areas either. 

By June no significant differences were recorded in the invertebrate densities 

of control and treatment areas (Figure 4.4). 

After nine months, Macoma (less than Icm long) had colonised the site and 

were particularly abundant above some eromats and nets in the N and H zones 

(Figure 4.5). The variations in their abundance over the mats were large and only 

over the eromat in the H zone was their abundance significantly greater than the 

control (Mann-Whitney, U=1, n=5, p=0.02). Low densities of Macoma were 

observed in the E zone, and none was found in the S zone. Hydrobia occurred at 

significantly lower densities in the N zone above the mulchmat and net than in the 

control areas (t = 4.25, d. f. = 8, p=0.02, and t=3.52, d. f. = 8, p=0.05 

respectively), and in the E zone above all mats (Mann-Whitney, U=0, n=5, p= 

0.003, U=1, n=5, p=0.0159 and U=2, n=5, p=0.05 for mulchmat, eromat and 
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net respectively). No Nereis were found above the eromat in the H zone nor above 

the mulchmat in the E zone. 

By January 1999, the invertebrate density had declined, especially over the 

mats where few were found (Figure 4.5). Invertebrates were still present in the 

control areas. Diptera larvae were found in the S and E zones. 

The length-frequency distributions of Nereis diversicolor in the control cores 

and sediment deposited on the mats in the N and H zones are shown in Figures 4.7 

and 4.8. The worms above the mats were almost invariably small (less than 3cm 

long) while larger worms were found deeper in the control sediment. 

Marsh: 

Fewer invertebrates colonised the sediment above the mats in the mature 

marsh than in the realignment site (Figures 4.9 - 4.12). Often only single individuals 

were present in samples leading to the large standard errors of mean densities. 

After three months no significant differences in invertebrate densities were 

found between the treatments and control areas (Figure 4.9). No Nereis were found 

in the walls of the creeks, although they were present at the bottom of the creeks. 

More Hydrobia were present in the bottom of the creeks than on the walls where 

they were present only on some mats. Diptera larvae were found only in the walls of 

the creeks. 

After six months, Nereis were present in the control sediment and above the 

nets on the walls of the creeks (Figure 4.10), but were more abundant at the bottom 

of the creeks, except they were absent from the sediment above the eromats. 

Hydrobia were present in the controls both on the walls and at the bottom of the 

creeks. They were only present above the net treatments on the walls of the creeks. 
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Diptera larvae were only present in the walls of the creeks in the control sediment 

and above the nets. 

After nine months, Macoma were found in the marsh in the control samples 

from the bottom of the creeks (Figure 4.11). Nereis were present at low densities in 

the control areas and above the nets on the walls of the creeks, and were present in 

the control areas and above the eromat at the bottom of the creeks. Hydrobia were 

present in the control areas of the walls and the bottoms of the creeks, but were 

absent from the mats. Diptera larvae were found above the mulchmats and eromats 

at the bottoms of the creeks, but were only present above the nets on the walls of the 

creeks. Diptera larvae were not present in the control areas. 

After twelve months, Nereis were present only in low densities above the net 

on the sides of the creeks, but occurred in the control areas and over mulchmats at 

the bottom of the creeks (Figure 4.12). Hydrobia were present in the control areas on 

both the sides and bottoms of the creeks but only at low densities above the nets on 

the sides of the creeks. Macoma were only present in the control area at the bottom 

of the creeks. Diptera larvae were present in all samples from the sides of the creeks, 

but only above the eromats and nets at the bottom of the creeks. 

(c) Chlorophyll a. 

The chlorophyll a content of the surface sediment in the realignment site was 

always higher over the mats than in the control areas, apart from in the S zone 

(Figure 4.13), and in most cases the differences were significant (Table 4.2). 
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Table 4.2 The statistical significance of the differences in the chlorophyll a content 

of surface sediment between control areas and on mats in the realignment site. 
N zone H zone E zone 

mulch eromat net mulch eromat net mulch eromat net 

17 n/s n/s t=-3.55 t=-2.90 t=-3.66 n/s t=-2.98 t=-3.62 n/s 

March d. f. =8 d. f=8 d. f. =8 d. f. =8 d. f=8 
1998 p=0.007 pß. 03 pß. 006 p0.02 P=0.01 

19 t=-3.98 n/s t=-4.42 t=-2.46 n/s n/s t=-2.53 t=-3.06 t--3.98 

June d. f. =8 d. f. =8 d. f. =8 d. f. =8 d. f. =8 d. f. =8 
1998 pß. 005 P=0.01 pß. 05 p=0.04 p=0.02 P--0.005 

30 t=-3.57 t=-3.21 t=-5.89 n/s t=-3.83 t=-3.14 t=-2.81 t=-2.45 t---4.37 

Sept. di=8 d. f. =8 d. f. =8 d. f. =8 d. f. =8 d. f. =8 d. f. =8 d. f. =8 

1998 pß. 02 pß. 02 pß. 001 p--0.005 pß. 01 p=0.04 p=0.04 pß. 002 

28 n/s n/s n/s n/s n/s n/s t=-2.49 t=-3.29 t=-2.37 

January d. f. =8 d. f. =8 d. f. =8 
1999 p=0.04 pß. 01 p=0.05 

In the S zone the chlorophyll a content of the samples was always low and 

there were no differences between the treatments and controls. In the N and H zones 

the chlorophyll a was mostly from epipelic diatoms (Plate 4.5), but later filamentous 

algae became more dominant (Plate 4.6). In the E zone the chlorophyll a was mostly 

from filamentous algae. In January the only significant differences were where there 

were more Enteromorpha on the mats in the E zone than in the control areas. 

After twelve months, none of the mats in the N, H or E zones of the 

realignment site had been colonised by vascular vegetation, but a few plants were 

present on the mats in the S zone. 

In the marsh, the mean chlorophyll a content of the sediment above the mulchmats 

and eromats was always greater than in the control areas (Figure 4.14), but only 

occasionally was this difference significant (Table 4.3). The mean 
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Plate 4.5 
Colonisation of a net by epipelic diatoms three months after placement in the field 
(Experiment I R). 
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Plate 4.6 
Colonisation of invertebrate exclusion mats by Enteromorpha spp. six months after 
their placement in the N and H zones of the realignment site (Experiment 1 R). 
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chlorophyll a content of sediment above the nets was similar to, or less than, the 

control areas. 

Table 4.3 The statistical significance of the differences in the chlorophyll a content 

of surface sediment between control areas and on mats in the marsh. 
CREEK WALL CREEK BOTTOM 

mulch eromat net mulch eromat net 

2 April 1998 n/s t=-3.22 n/s n/s n/s n/s 
d. f. =8 
P=0.01 

30 July 1998 n/s n/s n/s t=-4.0 t=-4.5 n/s 
d. f. =8 d. f. =8 

p=0.005 p=0.003 

23 October 1998 t=3.05 t=-2.43 n/s n/s n/s t=2.85 
d. f. =8 d. f. =8 d. f. =8 
p=0.02 p=0.05 p=0.03 

18 February 1999 n/s n/s n/s n/s n/s n/s 

No vascular plants colonised the mats at the bottoms of the creeks, although 

a few seedlings were present on a couple of the mats on the walls of the creeks. 

43.1.2 Experiments 2R and 2M. 

The mean depth of sediment and mean density of Salicornia plants over the 

mats and in control areas to which seeds were added are shown in Figure 4.15. 

Approximately 2cm of sediment was deposited over the mats in the N, H and E 

zones of the realignment site (5. Omm. month71) and 1.5cm in the marsh 

(l. Imm. month71). Little sediment was deposited on mats in the S zone of the 

realignment site. No Salicornia plants were found in the control areas after three 

months and although some plants were present on the mats in the realignment site, 
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none were found on mats in the mature marsh. The greatest density of Salicornia 

plants were present on mats in the E zone, followed by the N, S and H zones. 

4.3.1.3 Experiments 3R and 3M. 

Realignment site: 

In the five months between November and April, approximately 2cm of 

sediment was deposited on the mats in the N and H zones of the realignment site 

(4mm. month'') and less than 0.5cm of sediment accreted on mats in the S zone 

(lmm. month'') (Figure 4.16). The location of the mats were not easy to see as the 

depth of sediment deposited on the mats was similar to that deposited on the control 

areas. Slightly more sediment accreted over mats in the H zone than in the N zone, 

and on the mulchmats, this difference was significant (t = -3.95, d. f. = 8, p= 

0.0055). 
All the mats, apart from the mulchmats in the H zone were colonised by 

Enteromorpha spp. but the algae were absent in all the controls (Figure 4.17). In the 

S zone the mats may have provided a surface for attachment for the alga, but in the 

N and H zones this would not have been the case as sediment covered the mats. 

No Salicornia colonised the control areas and nets in the N and H zones, but 

some were present in the sediment over the mulchmats (Figure 4.18). In the S zone, 

where Salicornia were present in the control area, there were no statistical difference 

between the controls and mulchmats, indicating that Salicornia are fully capable of 

colonising the mulchmats. 

The accretion of sediment within the realignment site allowed some small 

invertebrates to colonise the sediment deposited above the mats (Figure 4.19). The 
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mulchmats in the H zone contained significantly more Nereis (t = -2.86, d. f. = 8, p= 

0.041) and significantly fewer Macoma than the controls (t = 2.47, d. f. = 8, p= 

0.047). These were the mats not colonised by Enteromorpha spp. There were no 

significant differences in Hydrobia density between the mats and controls in any of 

the zones. 

By June 2000, the mulchmats had largely degraded, although the nets were 

still present. The sediment deposited on both mulchmats and nets in the realignment 

site was approximately 3cm in both the N and H zones (1.6mm. month") (Figure 

4.20). More Enteromorpha was present in the H zone than the N zone (Figure 4.21). 

No significant differences were found in Salicornia densities on the mats and in the 

control areas, although more Salicornia were present both on the mats and in the 

control areas of the N zone than in the H zone (Figure 4.22). 

Marsh: 

Less sediment accreted over mats in the mature marsh than in the 

realignment site. After five months, approximately 1cm depth had deposited over the 

mats on the sides of the creeks (2mm. month7I) and 1.5cm in the bottoms 

(3mm. month71) (Figure 4.23), compared to approximately 2cm deposited on mats in 

the N and H zones of the realignment site over the same period (4mm. month7'). No 

differences were found between the amounts of sediment deposited on the walls and 

bottoms of the creeks in the marsh. As in the previous experiment, the sediment 

deposited over the mats in the marsh was proud of the surrounding control sediment 

where no sediment accretion had occurred. 

On the sides of the creeks, no differences were found between the 

Enteromorpha coverage on the mats and in the control areas. At the bottom of the 
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creeks, Enteromorpha occurred only on the mats and not in the control areas (Figure 

4.24). 

The density of Salicornia on mats on the sides of the creeks was variable 

(Figure 4.25), some mats had high densities and these were mats placed, by chance, 

close to mature plants (Plate 4.3). A few Salicornia were found in the sediment 

above the nets at the bottom of the creeks while none were found in the adjacent 

control areas. 

As in the realignment site, small Nereis colonised all the mats in the bottoms 

and on the sides of the creeks but only large Nereis were present in the control areas 

(Figure 4.26). There was no significant difference in the abundance of worms in 

treatments and controls. Hydrobia were absent from the nets on the sides of the 

creeks, and had high, but varied abundance in the control sediments in the bottoms 

of the creek. Macoma were present in varied densities in control and net treatments 

in the creek bottoms but were not present on the mulchmats nor anywhere on the 

sides of the creeks. Diptera larvae were the most abundant invertebrates on the sides 

of the creeks, and were present on the mats and in the control areas at similar 

densities. 

43.1.4 Experiments 4R and 4M. 

The mats in both the N and H zones of the realignment site, with blocks of 

Salicornia in the centre, accreted nearly 3.5cm over one year (2.7mm. month-1) 

(Figure 4.27) as did the surrounding control sediment. A few young Salicornia 

plants were present in the control areas and over the mats, but not at significantly 

different densities (Figure 4.28). 
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In the marsh, the mats with blocks of mature Salicornia at their centre 

accumulated nearly 3cm of sediment (3.8mm. month7l) (Figure 4.29), unlike the 

control areas where no accretion occurred. The mats were colonised by seedlings of 

Salicornia unlike the control areas in which none was found (Figure 4.30). 

4.3.1.5 Experiment 5M. 

The sediment deposited on the mats at the bottom of the creeks was 

approximately 3.5cm (5mm. month71) and 2cm on the walls of the creeks 

(2.9mm. month-1) (Figure 4.31). The upper ends of the mulchmat strips placed across 

creeks in the marsh were colonised by Enteromorpha, Oscillatorfa spp. and 

Salicornia, but no vegetation was recorded in the middle section of the strips, at the 

bottom of the creeks (Figures 4.32 - 4.34). 

4.3.2 The density and composition of invertebrates in non-vegetated areas of 

the S zone. 

The density of invertebrates in the sediment placed in the holes created in the 

S zone, are shown in Figure 4.35. Nereis were present in these areas at densities 

similar to those found in the N and H zones. High densities of Hydrobia were 

recorded in the S zone, where many were on Salicornia plants, but not in these 

sediment patches where they were present at densities similar to those in the N and 

H zones. Macoma were only present in the N and H zones. 
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433 The shear strength of sediment in the mature marsh. 

The shear strength of the sediment of the walls of the creeks was 

significantly greater than that at the bottoms of the creeks in the control areas and on 

the mulchmats (t = 2.32, d. f. = 8, p=0.05 and t=4.54, d. f. = 8, p=0.003 for the 

controls and mulchmats, respectively) (Figure 4.36). No differences in shear strength 

were observed between the mats and control areas, either on the walls and on the 

bottoms of the creeks. 
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FIGURE 4.2. The mean (+s. e. ) depths of sediment deposited over the mats In the marsh at Tollesbury 
January 1998 - February 1999 (n=5). 
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FIGURE 4.9 The mean (+s. e. ) densities of Invertebrates In the control sediment (20cm depth) 
and In the sediment deposited over the three types of mat in the mature marsh. 
Trial period: 22 January -2 April 1998 (n=5). 
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FIGURE 4.10 The mean (+s. e. ) densities of Invertebrates In the control sediment (20cm depth) 

and In the sediment deposited over the three types of mat In the mature marsh. 
Trial period: 22 January - 30 July 1998 (n=5). 
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FIGURE 4.11 The mean (+s. e. ) densities of invertebrates in the control sediment (20cm depth) 

and in the sediment deposited over the three types of mat In the mature marsh. 
Trial period: 22 January - 23 October 1998 (n=5). 
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FIGURE 4.12 The mean (+s. e. ) densities of Invertebrates In the control sediment (20cm depth) 

and In the sediment deposited over the three types of mat In the mature marsh. 
Trial period: 22 January - 18 February 1999 (n=5). 
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FIGURE 4.14 The mean (+s. e. ) chlorophyll a content of surface sediment from the control areas 
and from the sediment deposited over the mats In the mature marsh at Tollesbury (n=5). 
" data significantly different to the control (p=<0.01). 
" data significantly different to the control (p=<0.05). 
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FIGURE 4.15 The mean (+s. e. ) depths of sediment deposited over mats and the mean (+s. e. ) density of 
Salicornla europaea agg. on the mats and In the control areas of the realignment site and mature marsh. 
Trial duration: April 1998 - July 1998. 
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FIGURE 2.20 The mean (+s. e. ) depths of sediment deposited over the mats In the realignment site. 
Sampled 9 June 2000 (n=10). 
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FIGURE 4.21 The mean (+s. e. ) abundance of Enteromorpha app. on mats and on control areas 
In the realignment site. 
Sampled 9 June 2000 (n=10). 
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FIGURE 4.22 The mean (+s. e. ) densities of Salicomia europaea agg. on mats and control areas 
In the realignment site. 
Sampled 9 June 2000 (n=10). 
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FIGURE 4.23 The mean (+s. e. ) depths of sediment deposited over the mats In the mature marsh. 
Sampled 21 April 1999 (n=5). 
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FIGURE 4.24 The mean (+s. e. ) abundance of Enteromorpha spp. on the mats and on control sediment 
In the mature marsh. 
Sampled 21 April 1999 (n=5). 
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FIGURE 4.25 The mean (+s. e. ) densities of Sallcornia europsea agg. on mats and In control sediment 
In the mature marsh. 
Sampled 21 April 1999 (n=5). 
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FIGURE 4.26 The mean (+s. e. ) densities of invertebrates In control sediments and In sediment 
deposited over two types of mat In the mature marsh. 
Sampled 25 May 1999 (n=5). 
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FIGURE 4.27 The mean (+s. e. ) deposition of sediment over muichmats with Salicornis centres 
In the realignment site. 
Trial period: July 1999 - August 2000 (n=5). 
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FIGURE 4.28 The mean (+s. e. ) density of Salicomis europaea agg. produced 
from cores of adults plants In control areas and on muichmats. 
Trial period: July 1999 - August 2000 (n=5). 
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FIGURE 4.29 The mean (+s. e. ) depth of sediment deposited over mats with cores of Salicomla 
europaea agg. In the centre in the mature marsh. 
Sampled 9 June 2000 (n=5). 
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FIGURE 4.30 The mean (+s. e. ) density of Sallcomia europaea agg. on mats with 
Salicom/a In the centre and In control areas In the creeks close to blocks of adult plants. 
Sampled 8 June 2000 (n=5). 
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FIGURE 4.31 The mean (+s. e. ) depth of sediment deposited on mats In the marsh. 
Sampled 24 May 2000 (n=5). 
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FIGURE 4.32 The mean (+s. e. ) abundance of Enteromorpha spp. on mats and in control 
areas in the marsh. 
Sampled 24 May 2000 (n=10). 
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FIGURE 4.33 The mean (+s. e. ) abundance of Oscillatorla app. on mats and In control 
areas In the marsh. 
Sampled 24 May 2000 (n=10). CREEK WALL 
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FIGURE 4.34 The mean (+s. e. ) density of Sallcorn/a europaea agg. on mats and In control 

areas In the marsh. 
Sampled 24 May 2000 (n= 10). 
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FIGURE 4.35 The mean (+s. e. ) densities of Invertebrates In the realignment site. 
September 2000 (n=5). 
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FIGURE 4.36 The mean (+s. e. ) shear strengths of sediment on mats and In control areas of the marsh. 
August 1999 (n=5). 
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4.4 DISCUSSION 

The invertebrate exclusion experiments were established in the realignment 

site and in the adjacent marsh to test the hypothesis that reducing the effects of 

invertebrates at the sediment surface would increase the rate of sediment deposition, 

increase the abundance of microphytobenthos and filamentous algae and promote 

colonisation by vascular plants. The results of these experiments generally support 

this hypothesis and, therefore, also support the alternative stable state hypothesis. 

Although few vascular plants colonised the mats at Tollesbury in experiments 2R, 

3R, 3M, 4R, 4M, and 5M, more plants were found over the exclusion experiments 

than in the control areas. However, during the experiments, factors other than 

invertebrate activity were also found to affect the potential of pioneer zone vascular 

plants to colonise the mats. 

During the experiments in the realignment site, the chlorophyll a content of 

the sediment above the mats was always higher, and often significantly higher than 

in the control areas, apart from in the S zone. The high density of 

microphytobenthos above the mats has significant implications for the stability of 

the sediment as it is well documented that the mucilage production from 

microphytobenthos binds the particles together so they are less susceptible to erosion 

(Paterson, 1989, Underwood and Paterson, 1993b, Underwood, 2000). 

In the realignment site few vascular plants colonised the sediment over the 

mats, which may be explained by several biological and physical factors, although 

isolating individual factors in field experiments is often difficult, as in this case. 

Observations of the distribution of Salicornia seeds found an exponential decline 

with distance from the Salicornia zone (Chapter Two). Since experiments 1R and 
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3R in the N, H, and E zones were approximately 20-40m away from the S zone, the 

scarcity of seeds probably contributed to the lack of plant colonisation on these 

mats. However, the low density of plants on the pre-seeded mats (experiment 2R), 

and on the mats with mature plants in their centre (experiments 4R and 4M) cannot 

be explained for this reason. Approximately 2800 seeds. mat 2 resulted in 0-72 

plants. maf2 three months later (Figure 4.15). The low densities of mature Salicornia 

plants on the pre-seeded mats may be attributed to the high rate of sediment 

deposition on the mats, which as seen from laboratory experiments (Chapter Three), 

significantly inhibited the development of seedlings from seeds. 

A secondary effect of a high rate of sediment deposition on the mats was the 

subsequent colonisation by invertebrates. The mats in the H and N zones of the 

realignment site accreted around 3-4cm of sediment in one year, which was deep 

enough to allow colonisation by small invertebrates. The mats were not expected to 

exclude Hydrobia since they are surface grazers, but they were expected to exclude 

Nereis and Macoma. The Macoma and Nereis above the mats were always relatively 

small and the sediment deposited above the mats may have acted as refugia for these 

small invertebrates, as small Nereis and Macoma were generally more abundant than 

in the control sediment, where predation or disturbance by large Nereis may have 

reduced their densities. The presence of these small invertebrates as well as depth of 

sediment may also have contributed to the lack of vascular plants over these mats, 

since both parameters have been shown to have a negative effect on Salicornia 

survival (Chapter Three). 

In the marsh, the mats promoted sedimentation not typical of the surrounding 

area and this too, for the same reasons, may have deterred vascular plant 
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colonisation. However, some mats were colonised by high densities of Salicornia 

(Figures 4.25 and 4.30), and these were mats pinned on the walls of the creeks in 

close proximity to mature plants, and therefore a source of seeds and with a 

relatively low rate of sediment accretion. 

Wiehe (1935), identified water movement as an inhibitor of seedling 

establishment of Salicornia, and this may also have been a factor here, especially in 

the marsh where the mats were positioned in creeks exposed to tidal currents. In the 

realignment site, internal wave action may have been more significant (French et al., 

1999). 

Prior to September 2000, Nereis had been found in only one core in the S 

zone (2. Om - 2.8m above O. D. or 4.15m - 4.95m above C. D. ), but then a mean 

density of 678 worms. m 2 was recorded. The S zone had changed since the start of 

this study and more marine-derived sediment had accreted over the area, possibly 

allowing Nereis to invade. The removal of vascular vegetation and the infilling of 

these areas with marine derived sediment allowed for relatively high densities of 

Nereis in the S zone (1175 worms .m 
2), similar to those recorded for the N and H 

zones (1.2m - 1.6m above O. D. or 3.35m - 3.75m above C. D. ) (Figure 4.35). The 

ability of Nereis to survive in these patches of bare sediment among areas of 

vascular saltmarsh vegetation, confirms that the vegetated area of the realignment 

site is within the potential height parameters of the potential niche of Nereis. This 

has important potential implications for the development of saltmarsh in managed 

realignment sites in south east England, where Nereis is a very abundant and 

common species. If the S zone continues to accumulate sediment it could allow 

Nereis to colonise further and the increase in abundance seen in September 2000 
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could presage a shift to animal domination in this zone which is common elsewhere 

in the region at these elevations. 
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5.0 CHAPTER FIVE 

Field experiments at four other sites in south east England 

5.1 INTRODUCTION 

The invertebrate exclusion experiments within the realignment site at 

Tollesbury, in most cases, failed to encourage natural colonisation of saltmarsh 

vegetation (Chapter Four). This was attributed primarily to the high rates of 

sediment deposition, although water movement, invertebrate activity and, in some 

cases, the distance between the mats and the source of seeds, could also have been 

partly responsible. The heavy accretion of sediment within the site affected the 

colonisation of the mats by plants in two ways. First, the burial of seeds would 

prevent the development of seedlings, as shown in the laboratory experiments 

(Chapter Three) and second, the sediment was deposited on the mats at depths that 

allowed the area above the mats to be colonised by invertebrates. The long distances 

between the mats and the vegetated area of the site were also likely to have limited 

the colonisation of the mats by plants since there was an exponential decline in seed 

abundance in sediment away from the vegetated area (Chapter Two). 

The relatively low elevation of the site (largely beneath 1.2m above O. D. or 

3.35m above C. D. ) may have been responsible for the high rate of sediment 

deposition, as it was approximately 1m lower than the surrounding marshes and may 

have acted as a basin. As a consequence, similar invertebrate exclusion experiments 

were conducted in other sites, including three realignment sites of different ages, in 

south east England where sedimentation was thought not to be so great and where 

saltmarsh vegetation was closer to the experiments. 
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The sites chosen were: 

1) The Orplands managed realignment site (Plate 5.1), situated on the southern 

coast of the Blackwater Estuary, was also established in 1995. In general the area is 

higher than the Tollesbury site (H. R. Wallingford, 1998, Reading et al., 1999) and 

relatively heterogeneous, with high areas which had been colonised by saltmarsh 

vegetation by 1997, and low areas which have developed into muddy pans inhabited 

by macroinvertebrates. At Orplands the MHWNTL is 1.90m above O. D. (4.50m 

above C. D. ) and MHWSTL is 3.00 m above O. D. (5.60m above C. D. ). The area of 

the site used for experiments was approximately 1.80m - 2.20m above O. D. 

(between approximately 4.40m - 4.80m above C. D. ). 

2) Wallasea Island is an unmanaged realignment site, situated on the River Crouch; 

it was created when a wall breached in the great flood of 1953. A small semi- 

enclosed bay is dominated by bare mud inhabited primarily by Corophium volutator 

(Gerdol and Hughes, 1993) (Plate 5.2). At Wallasea Island the MHWNTL is 1.85m 

above O. D. (4.20m above C. D. ) and MHWSTL is 2.85m above O. D. (5.20m above 

C. D. ). The area of the site used for experiments was approximately 1.75m - 2.05m 

above O. D. (between approximately 4.1Om - 4.40m above C. D. ). 

3) Three sites were examined on the Blythe Estuary in Suffolk. The sites in this 

estuary were chosen as they have been subject to intensive sedimentological 

research (French et al., 1999). The main realignment area was created when a wall 

was breached by a bomb in 1940. Two sites were chosen within this realignment 

area, one was wave-sheltered and the other wave-exposed. The third site was in a 

smaller realignment site in which some saltmarsh vegetation had established but was 

still mostly bare mud. On the Blythe, the MHWNTL is 2.10m above C. D. and 
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MHWSTL is 2.40m above C. D.. (The data required to convert these figures to O. D. 

were not available. ) The areas used for experiments were approximately 2.10m - 

2.20m above C. D.. 

4) Maldon (Plate 5.3), situated at the head of the Blackwater Estuary. This is not a 

realignment site but an area of mudflat in which there are patches of Spartina 

anglica. At Maldon, the MHWNTIL is 4.41m above O. D. (4.30m above C. D. ) and 

MHWSTL is 5.41m above O. D. (5.30m above C. D. ). The area of the site used for 

experiments was approximately 5.30m above O. D. (approximately 5.19m above 

C. D. ). 

For clarity of presentation, Table 5.1 lists the tidal heights of the MHWNTL and 

MHWSTL of the sites and the heights at which experiments were conducted. Table 

5.2 list the dates and duration of the experiments conducted at each site. 

The locations of these sites are shown in Plate 5.4. 
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Table 5.1 The heights of the sites examined. 

m 
above 
C. D. 

Tollesbury 
realignment 
site 

Tollesbury 
marsh 

Orplands 
realignment 
site 

Wallasea 
Island 

Blythe 
Estuary 

Maldon 

2.0 
MHWNTL 

2.2 

2.4 MHWSTL 

2.6 

2.8 

3.0 

3.2 

3.4 

3.6 

3.8 MHWNTL MHWNTL 

4.0 

4.2 MHWNTL 

4.4 
MHWNTL MHWNTL 

4.6 

4.8 

5.0 

5.2 MHWSTL MHWSTL MHWSTL 
MHWSTL 

5.4 

5.6 MHWSTL 

5.8 

6.0 

Heights at which experiments were conducted. 
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Plate 5.1 
The managed realignment sites at Orplands. 

Plate 5.2 
The `unmanaged' realignment site on Wallasea Island. 
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Plate 5.3 
The invertebrate exclusion mats at Maldon. 
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Plate 5.4 

The location of the field sites. 

I 
ýs 

ip 

Blythe 

Tollesbury Orplands 

Maldon Wallasea Island 

152 



5.2 METHODS 

5.2.1 Orplands managed realignment site. 
(December 1998 -6 May 1999 / 17 June 1999 / 10 August 2000). 

Five 1 m2 squares of mulch mat and net were pinned in pairs to the surface of 

the sediment in December 1998. Five adjacent control areas of 1m2 were identified 

at the same time. In May 1999, the mats and control areas were examined for plant 

colonisation, sediment accretion and the elevation of the sediment surface above the 

surrounding sediment, in June 1999 for invertebrate densities and in August 2000 

for plant colonisation and sediment accretion. 

Plant densities were assessed using a 0.25m2 quadrat placed in the centre of 

each mat and control area. All the plants within the quadrat were identified and 

counted. Sediment accretion was measured directly, to the nearest mm, by pushing 

a rule into the sediment until it met with the resistance of the mat. The sediment 

accreted over the mats was proud of the surface of the surrounding sediment. The 

elevation of the mat and sediment was measured by placing two stakes either side of 

the mat with a 2m flat bar slotted into the tops of the stakes. A spirit level was used 

to ensure the bar was horizontal. The distance from the bar to the surface of the 

sediment above the mats was measured five times and a mean for each mat 

calculated. The distance from the bar to the surrounding control sediment was also 

measured in five different places and a mean for each control area calculated. 

Samples of mat (5x5cm) with the overlying sediment were taken in June 

1999 to estimate the abundance of small invertebrates. The samples were washed 

through a 0.5mm sieve and all macroinvertebrates, except Hydrobia, were removed. 

Any vascular plants in these samples were also collected and counted. The material 
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left in the sieve was flooded with sea water and the live Hydrobia that crawled 

across the sediment or out of the water were collected and counted. The sediment 

was agitated and allowed to settle several times, until no more live Hydrobia were 

detected. To determine the invertebrate densities in the surrounding sediment cores 

of sediment (7.5cm diameter, 20cm depth) were taken. The invertebrates were 

collected and counted as described previously (2.3.1.1). 

5.2.2 Wallasea Island. 

(21 October 1998 - 21 May 1999). 

Ten mulch mat and ten net squares (0.5m x 0.3m) were pinned to the surface 

of the sediment in October 1998 and ten control areas in the adjacent sediment were 

identified. In May 1999, the density of Salicornia (plants. m ) and Enteromorpha 

spp. (% cover) were estimated using a 0.25m2 quadrat placed in the centre of each 

mat and control area. Sediment accretion on the mats and the elevation of the 

sediment surface above the surrounding sediment was determined as described 

above (5.2.1). Samples of mat and the overlying sediment (5cm x 5cm) were 

collected to determine invertebrate densities. Cores (7.5cm diameter, 20cm depth) 

were taken to determine the invertebrate densities in the control sediments. The 

invertebrates were separated and counted as described previously (2.3.1.1). 

513 Blythe Estuary. 

(December 1998 - June 1999). 

Site one was a small natural realignment site and the highest of the sites 

examined, with sediment similar to that at Tollesbury. The sediment at site two was 
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extremely soft and anoxic immediately below the surface, and site three was situated 

in an area of high wave energy where the sediment was extremely compact and had 

a relatively high sand fraction. 

Within each of these three sites in the two different realignment areas, five 

mulch mats (Im2) and five nets (lm2) were pinned to the sediment in December 

1998. In June 1999 the mats were sampled for plant and invertebrate colonisation, 

sediment accretion and mat elevation as described above (5.2.1). 

5.2.4 Maldon. 

(14 March 2000.10 August 2000). 

These experiments were conducted following the success of some of the 

experiments in the Blythe Estuary in increasing Spartina colonisation of previously 

bare mud. The hypothesis tested was whether excluding invertebrates by the use of 

mats would allow the lateral expansion of Spartina by vegetative growth from an 

established patch. 

Five lm2 mulchmats were pinned to sediment abutting patches of Spartina 

and five lm2 adjacent areas of sediment, also abutting the Spartina patches, were 

identified as controls. After six months the depth of sediment accreted above the 

mats was measured as described above (5.2.1), and the numbers of Spartina plants 

on each mat and in each control area were counted. Samples of mat (5x5cm) and 

accreted sediment and cores of the control sediment (7.5cm diameter, 20cm depth) 

were taken for enumeration of the invertebrates as described above (5.2.1). 
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5.3 RESULTS 

5.3.1 Orplands managed realignment site. 

The mean depth of sediment deposited on the mats in the realignment site 

was approximately 1.5cm in the first six months and more than 2cm over 20 months 

(Figures 5.1 and 5.6). The elevation of this sediment over the surrounding sediment 

after six months was just over 1 cm for the mulchmat and just under 1 cm for the net 

(Figure 5.2). Thus, the surrounding control sediment accreted 0.5 - lcm of sediment 

in twenty months. 

After five months, all the mats were colonised by vascular plants whilst all 

the control areas remained bare (Figure 5.3). Significantly more Salicornia plants 

colonised the mulchmats than the control areas (t = -3.98, d. f. = 8, p=0.004) (Plate 

5.5). Some Suaeda plants colonised the mulchmats but none were present on the nets 

or in the controls. Enteromorpha colonised mulchmats and nets at significantly 

higher densities than in the control areas (t = 2.39, d. f. = 8, p=0.044 and t= -5.8, 

d. f. = 8, p=0.0004 for mulchmats and nets respectively). 

Small invertebrates had colonised the sediment above all mats after six 

months (Figure 5.4), and although there were no statistically significant differences 

between the densities of invertebrates in the control areas and in the sediment over 

the mats, those on the mats were smaller in size, as at Tollesbury. The densities of 

Salicornia and Suaeda in the mat samples taken for the enumeration of 

invertebrates, were also greater than in the control areas where none were present 

(Figure 5.5). 
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Plate 5.5 
The colonisation of a mulchmat by Salicornia europaea agg. and Spartina anglica 
in the managed realignment site at Orplands. 

4' 

ýý 
:ý 

Plate 5.6 
The invertebrate exclusion mats at site one on the Blythe Estuary in 1998 and 2001. 

1998 2001 

A, B and C are areas of Spartina which have been eroded between 1998 and 
2001. D and E show the colonisation of the invertebrate exclusion mats by 
Spartina. 
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After 20 months, the mats bore high densities of saltmarsh plants, mostly 

Salicornia, which quadrupled in abundance from the previous year. The density of 

Salicornia on both mat types was greater than in the control areas, although it was 

only significantly greater over the mulchmats (t = -3.38, d. f. = 6, p=0.02) (Figure 

5.7). Spartina anglica had also colonised the mats but not the controls, and no 

Suaeda maritima were present unlike in the previous year. The depth of sediment 

deposited over the mats was over 2cm (Figure 5.6. ). 

5.3.2 Wallasea Island. 

The mats accreted approximately 1.5cm over seven months (Figure 5.8). The 

accreted sediment on the mats was proud of the surface of the control sediment, by 

over 1cm in the case of the mulchmats and over 0.5cm by the nets (Figure 5.9), 

indicating that little or no deposition in control areas had occurred. 

The densities of plants on the mats are shown in Figure 5.10. The mats were 

colonised by Salicornia plants at densities significantly greater than in the control 

areas where none occurred (t = -2.7, d. f. = 18, p=0.014 and t= -2.4, d. f. = 18, p= 

0.027 for mulchmats and nets respectively). Low densities of Suaeda and 

Enteromorpha spp. were present on some of the mats. 

The densities of invertebrates in the control areas and in the sediment above 

the mats are shown in Figure 5.11. Corophium volutator, the dominant invertebrate 

at this site, was present at a significantly lower density in the sediment over the mats 

than in the control areas (Mann-Whitney, U= 14, n=10, p=0.0032 and U= 15.5, 

n=10, p=0.0055 for mulchmat and net, respectively). The sediment above the 

mulchmats also contained a significantly lower density of Macoma than in the 
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control areas (Mann-Whitney, U= 18.5, n= 10, p=0.0152). The densities of the 

other invertebrate species on the mats and in control areas were not significantly 

different. 

5.33 Blythe Estuary. 

Approximately l cm of sediment had been deposited on the mats at site one 

and 2cm on mats at site three (Figure 5.12). The position of the mats at these sites 

was clearly visible indicating that little, or no accretion had occurred on the 

surrounding sediment. At site two, the depth of sediment deposited on the 

mulchmats was just under 2cm, and nearly 3cm on the nets (Figure 5.12). The mats 

were buried under sediment and were difficult to find, as in the realignment site at 

Tollesbury, indicating the mats and the control areas had accreted sediment at a 

similar rate. 

Spartina colonised the mats at sites one and two at densities greater than the 

controls, where none were present (Figure 5.13). Significantly more Spartina plants 

were present on the mulchmats at sites one (t = -3.21, d. f. = 8, p=0.0 12) and two (t 

= -2.4, d. f. = 8, p=0.04) than in the control areas. The plants found on the mats had 

been produced vegetatively by rhizomes from the adult Spartina plants which were 

in close proximity to these mats, and at site three, the mats were further from the 

vegetated areas and not colonised by plants. 

The highest number of invertebrate species was found at site two, followed 

by sites three and one. These differences were most likely related to the sediment 

type. Nereis colonised mats at all sites (Figure 5.14). The densities of Nereis on mats 

at site one were significantly less than in the control areas (t = 4.77, d. f. = 8, p=0.02 

159 



and t=4.15, d. f. = 8, p=0.2 for mulchmats and nets, respectively). Nereis were not 

found on the mulchmats at site two, but did colonise the sediment over the nets at a 

low density similar to the control areas. The densities of Nereis in the control areas 

of site two were significantly less than the control areas of sites one and three 

(ANOVA, F= 19.70, d. f. = 14, p= <0.001, Tukey's pairwise comparison). Macoma 

balthica and Ophelia rathkei were present at high densities at this site. At site three, 

Nereis were present above the nets at a significantly lower density than in the 

control areas (t = 3.57, d. f. = 8, p=0.05). The densities of the other invertebrates at 

all three sites exhibited no significant differences between the mats and controls. As 

at Tollesbury and Orplands, the worms over the mats were small, and those from the 

control areas were larger. 

5.3.4 Maldon. 

The mean depth of sediment to accrete over the mulchmats was 2.75 ± 

0.41s. e. cm after five months. The mats were colonised by a significantly higher 

number of Spartina plants than in the control areas (t = -3.72, d. f. = 8, p=0.006) 

(Figure 5.15). The control areas had a significantly higher density of Nereis than the 

areas with mats (t = 2.89, d. f. = 8, p=0.02) (Figure 5.16). No difference in 

Hydrobia densities were observed between the control and matted areas. 
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FIGURE 5.1 The mean (+s. e. ) depths of sediment deposited on mats In the Orplands 
realignment site. 
Trial period: December 1998 - May 1999 (n=5). 
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FIGURE 5.2 The mean (+s. e. ) elevation of sediment deposited on mats above the surrounding 
sediment surface in Orplands realignment site. 
Trial period: December 1998 - May 1999 (n=5). 
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FIGURE 5.3. The mean (+s. e. ) densities of plant species on mats and In control areas 
In Orplands realignment site. 
Trial period: December 1998 - May 1999 (n=5). 

Salicomia europaea agg. 

'E 
9 

control mulch net 

Enteromorpha spp. 
100 

80 

60 

40 

control mulch net 

Suaeda maritima 

aE 
g1 

control mulch net 

161 



FIGURE 5.4 The mean (+s. e. ) densities of Invertebrate on the mats and In control areas 
In Orplands realignment site. 
Trial period: December 1998 - July 1999 (n=5). 
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FIGURE 5.5 The mean (+s. e. ) densities of plants on mats and in control areas 
In the Orplands realignment site. 
Trial period: December 1998 - July 1999 (n=5). 
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FIGURE 5.6 The mean (+s. e. ) depths of sediment deposited over mats in the Orplands realignment si 
Trial period: December 1998 - August 2000 (n=5). 
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FIGURE 5.7 The mean (+s. e. ) densities of plants In control areas and on mats In the Orplands 
realignment site. 
Trial period: December 1998 - August 2000 (n=5). 
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FIGURE 5.8 The mean (+s. e. ) depths of sediment desposited over mats on Wallasea Island. 
Trial period: October 1998 - May 1999 (n=10). 
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FIGURE 5.9 The mean (+s. e. ) elevation of sediment deposited over mats above the surrounding 
sediment surface on Wallasea Island. 
Trial period: October 1998 - May 1999 (n=10). 
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FIGURE 5.10 The mean (+s. e. ) densities of plants on mats and In control areas on Wallasea Island. 

Trial period: October 1998 - May 1999 (n=10). 
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FIGURE 5.11 The mean (+s. e. ) densities of Invertebrate In sediment deposited over mats and 
In control areas on Wallasea Island. 
Trial period: October 1998 - May 1999 (n=10). 
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FIGURE 5.12 The mean (+s. e. ) depths of sediment deposited over mats In the Blythe Estuary. 

Trial period: December 1998 - June 1999 (n=5). 
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FIGURE 5.13 The mean (+s. e. ) densities of plants In control areas and on mats In the Blythe Estuary. 

Trial period: December 1998 - June 1999 (n=5). 

SITE ONE SITE TWO SITE THREE 
Q 

fp E 
g 

CL a 
1111 

E 
9 

i 

E 

9 

I 

ýe 

166 

muicn net 

corms m nec 



FIGURE 5.14 The mean (+s. e. ) densities of Invertebrates In control areas and on mats 
In the Blythe Estuary. 
Trial period: December 1998 - June 1999 (n=5). 
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FIGURE 5.15 The mean (+s. e. ) densities of plants In control areas and on mats at Maldon. 
Trial period: March 2000 - August 2000 (n=5). 
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FIGURE 5.16 The mean (+s. e. ) densities of invertebrates at Maldon. 
Trial period: March 2000 - August 2000 (n=5). 
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5.4 DISCUSSION 

The mats at Orplands were successful in promoting colonisation by vascular 

halophytic plants whilst the control areas remained bare (Plate 5.5). The ability of 

vascular plants to colonise these mats indicates that normally some factors in the 

areas of bare sediment limit the distribution of vegetation. Examination of the 

physical and biological conditions within the Orplands realignment site may help to 

explain the limited success of the mat experiments at Tollesbury. 

The Orplands site was relatively heterogeneous, with lower areas in which 

marine-derived sediment had been deposited and higher areas which had been 

colonised by vascular halophytes, primarily Salicornia. In comparison with the 

Tollesbury site, the shore profile of the Orplands realignment site was more 

irregular, and the majority of the site occurred at a higher elevation which was 

between 1.8m - 2. Om above O. D. (4.40 - 4.60m above C. D. ) compared to Tollesbury 

which was between largely beneath 1.6m above O. D. (3.75m above C. D. ) 

(H. R. Wallingford, 1998, Reading et al., 1999). The higher elevation of the Orplands 

site may account for the lower rate of sediment accretion (approximately 0.5 -1 cm 

between December 1998 and May 1999) than in the Tollesbury site (approximately 

2.5cm of sediment in the H zone, and 1.8cm in the N zone between November 1998 

and April 1999). The relatively shallow depth of marine sediment at Orplands may 

have influenced the biology of the site significantly, as the hard agricultural clay 

upon which these sites were developed, may have inhibited the burrowing by 

invertebrates and thus allowed the Salicornia to colonise. 

Within the Orplands site, Hydrobia were the numerically dominant 

invertebrate species, followed by Macoma and Nereis (Figure 5.4). A few diptera 
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larvae were present too. Hydrobia are surface grazers and were present on the 

Salicornia plants and on the sediment surface. Their presence did not appear to 

affect the colonisation of the mats by plants since their presence was often higher on 

the mats than in the controls. Macoma construct simple vertical burrows and the 

bivalves within the site were extremely small (<1 cm). The mean densities of Nereis 

in the control areas at Orplands were relatively low, e. g. 362 worms. m 2 in July 1999 

compared to 2716 m2 and 770 m2 in the H and N zones of the Tollesbury 

realignment site in May 1999. The shallow depth of marine sediment may have 

reduced the ability of larger Nereis to colonise some of the new intertidal area at 

Orplands, unlike at Tollesbury, where the heavy accretion of sediment enabled large 

Nereis to colonise the site. 

Large areas of the Orplands realignment site had been colonised by vascular 

vegetation prior to the establishment of the mat experiments in 1998. These plants, 

mainly Salicornia, had colonised the higher areas of the site close to the bare mud 

pans where the experiments were conducted. The dispersal distances of Salicornia 

seeds from mature plants are short (Chapter Two), and these mat experiments were 

not more than two metres from dense Salicornia. The densities of Nereis over the 

mats were significantly lower than the controls, and in the former were smaller. It is 

concluded that the presence of the mats increased the survival of Salicornia seeds 

and seedlings, probably by restricting the surface deposit feeding activities by large 

Nereis, but the close proximity of the mats to the source of seeds was also an 

important factor. 

The realignment site at Wallasea Island had been intertidal since 1953 and 

marine sediment had been deposited within the bay during this time. A few scattered 
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pioneer zone plants (mainly Salicornia) colonised the area around the edge of the 

site. The intertidal area supported relatively high densities of macroinvertebrates, the 

most dominant of which was the amphipod Corophium volutator, although Nereis, 

Hydrobia and Macoma were also present in relatively high densities (Figure 5.11). 

The presence of Corophium in this bay was shown to reduce the survival of 

Salicornia (Gerdol and Hughes, 1993). The invertebrate exclusion mats significantly 

reduced the density of this amphipod and were successfully colonised by Salicornia, 

Suaeda and Enteromorpha spp., while none were present in the control areas. Low 

densities of Nereis and Macoma were also found in the approximately 1.5cm of 

sediment that had accreted on the mats. Hydrobia were present on both mat types at 

densities greater than in the control areas, perhaps indicating the mats acted as 

refugia for this species, or provided an enhanced food resource identified as an 

increased density of chlorophyll a, and therefore microphytobenthos. As at 

Orplands, Hydrobia did not appear to affect the colonisation of the mats by 

vegetation. 

The site on Wallasea Island had never been colonised by saltmarsh 

vegetation, apart from around the edges. It may be that the site was lower than the 

surrounding intertidal area when it was breached and acted as a basin for the 

sediment. The depth of the soft marine derived sediment in the site was similar to 

the N and H zones of the Tollesbury realignment site. It may be that, as at 

Tollesbury, the sediment was deposited in the area too rapidly for the vascular plants 

to colonise, but encouraged the colonisation of macroinvertebrates which would also 

have influenced the colonisation of the site by saltmarsh plants. 
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The three sites examined on the Blythe Estuary were created during the 

1940s and 1950s when the walls were breached through natural and deliberate 

means. Site one was most similar to Tollesbury, in a sheltered area with a muddy 

substratum, site two was an area of extremely soft sediment with occasional mats of 

Enteromorpha spp., and site three was in an area of high wave energy with a more 

sandy substratum. The mats at sites one and two were colonised vegetatively by 

Spartina plants pushing up from rhizomes underneath the mats. None of the control 

areas were colonised and nor were the mats at site three. Since the mats at sites one 

and two were colonised vegetatively from beneath, the depth of sediment accreted 

on the mats would not have greatly affected the Spartina, unlike Salicornia which 

rely on seeds for dispersal. At site three, the mats were placed several metres away 

from the nearest Spartina plants which were on a low cliff and could not have 

colonised the mats vegetatively from such a distance. Also, the habitat at site three 

was very different to the other two since it was more exposed to wave action and 

had a coarse sandy substrate. 

At site one, the density of Nereis in the control areas (2670 Nereis. m-2) was 

significantly greater than in the sediment above the mats (571 Nereis. m 2 and 637 

Nereis. m-2 above the mulchmats and nets respectively). At site two, various 

burrowing invertebrate species were present, some at relatively high densities (e. g. 

Ophelia rathekei at approximately 6000m 2 in the sediment above the mulchmat), 

but the area supported an extremely low density of Nereis (136 Nereis. m 2). The 

colonisation of the mats at sites one and two by Spartina may be explained by the 

low density of large Nereis, as they were not affected by the depth of sediment 

accreted on the mats nor the presence of high densities of other invertebrates. 
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At Maldon, the mulchmats placed in areas of bare sediment abutting patches 

of Spartina were colonised vegetatively by the plant. Again the density of Nereis in 

the sediment above the mulchmat (226 Nereis. m2) was significantly less than in the 

control areas (858 Nereis. m'2). The situation at Maldon was similar therefore, to site 

one in the Blythe Estuary. 

Spartina was deliberately introduced in the UK for land reclamation 

purposes (Gray et al., 1991). However, in recent years, Spartina has been perceived 

seen as a pest in some areas of the country as it has been extremely successful at 

colonising areas of bare sediment (Gray et al., 1991; Frid et al., 1999) and measures 

have been taken to limit its distribution (Frid et al., 1999). In Great Britain, it was 

estimated that Spartina occupied 95.2% of the total estuarine saltmarsh resource 

(Davidson et al., 1991). The proliferation of Spartina reduces the area of intertidal 

mudflat which affects not only the density and community of invertebrates, but also 

restricts the distribution of birds as dense swards of Spartina impair their ability to 

be observed by mammalian predators (Smith and Evans, 1973). In south east 

England however, methods of Spartina conservation, especially with regard to 

managed realignment schemes, would be considered more appropriate. 

In the Blythe Estuary, and at Maldon, the successful colonisation of the 

invertebrate exclusion mats by Spartina, through vegetative growth from adjacent 

patches, indicated that under normal conditions in south east England this may be 

prevented by the activities of large Nereis. Hughes et al. (2000) reported that Nereis 

prevented similar vegetative propagation by the seagrass Zostera noltii. Examination 

of site one on the Blythe Estuary in 2001 (Plate 5.6) indicates that this spread of 

Spartina occurred when adjacent Spartina patches were dying back. To extend 
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Spartina distribution at a time when the naturally occurring Spartina is dying back 

has potential implications for coastal defence since it indicates that the current 

erosion of Spartina in front of the existing sea walls may be reversed with 

consequent cost savings. 
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6.0 CHAPTER SIX 

Summary and conclusions 

The general hypothesis addressed in this study was that the rapid and 

extensive loss of saltmarsh in south east England may not be explained by rising sea 

level and coastal squeeze. In the estuaries of south east England, including old 

realignment sites, burrowing infauna, particularly Nereis diversicolor, generally 

dominate, and biological interactions at the interface of the vegetation and mudflat, 

where invertebrates prevent saltmarsh establishment, may be responsible for the 

loss. Hughes (2001) suggested that realignment sites in which sediment 

accumulated, would, like some old realignment sites, not develop saltmarsh but 

would be colonised by invertebrates. Hughes (2001) also suggested that much of the 

recent erosion of saltmarshes is due to the lateral erosion of creeks exacerbated by 

the herbivorous and bioturbatory activities of the infauna. 

Overall the results of this study support these hypotheses and not those of 

coastal squeeze. In Chapter Two it was shown that over most of the Tollesbury 

realignment site, sufficient sediment had accumulated to attract high densities of 

Nereis and Hydrobia. Saltmarsh vegetation established only at the highest ground of 

the realignment site, and the distribution of the flora and fauna were largely distinct. 

In the adjacent marsh too, the mud in the creeks was colonised by Nereis and 

Hydrobia, and the flora and fauna had largely discrete distributions. Nereis was also 

present in unvegetated saltpans at elevations above that of the realignment site, 

indicating that the whole of the realignment site is within the potential niche of this 

species. 
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In Chapter Three, laboratory experiments demonstrated mutually detrimental 

interactions between Nereis and Salicornia. Nereis and Hydrobia significantly 

reduced the survival of seeds and seedlings of Salicornia. Conversely the presence 

of Salicornia significantly reduced the formation of normal burrows by Nereis. 

Laboratory experiments also showed that Salicornia seeds will not germinate 

successfully from under sediment. 

In Chapter Four, the invertebrate exclusion experiments conducted at 

Tollesbury, showed Salicornia were capable of colonising areas of bare muddy 

sediment provided large Nereis were excluded from feeding at the surface of the 

sediment and that seeds were available. Salicornia colonisation was also reduced by 

high rates of sediment deposition. 

In Chapter Five, the exclusion experiments at other sites were more 

successful in establishing saltmarsh vegetation in previously bare mud. The 

Orplands sites had the lowest rate of sediment accretion of the realignment sites 

examined, and were successful in becoming colonised by saltmarsh vegetation, as 

were the mats at Maldon, Wallasea Island, and sites one and two on the Blythe 

Estuary. These experiments led to the conclusion that the lack of vascular plants in 

the older `unmanaged' realignment sites, and in patches at Orplands, was due to the 

accumulation of marine sediment sufficient to support relatively high densities of 

invertebrates, particularly Nereis. At Tollesbury, the high rate of sediment 

deposition and the lack of seed supply were also factors which limited the 

distribution of plants within the site. 

The main conclusion from this research is that for saltmarsh to develop in 

realignment sites, and elsewhere, the sediment must be at a suitable height, have a 
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low rate of sediment deposition, have low densities of bioturbatory and herbivorous 

invertebrates and be close to a supply of seeds. 

Since most future realignment sites are likely to be constructed in areas 

where the land is lower than the nearby marshes, it is likely these sites will 

accumulate sediment relatively rapidly and then to depths suitable for colonisation 

by invertebrates. This has happened in most of the Tollesbury site which, like the 

older unmanaged realignment sites in the Blythe estuary and Wallasea Island, may 

never develop saltmarsh vegetation. According to MAFF (now DEFRA), the 

`colonisation and establishment of saltmarsh vegetation largely defines the overall 

success of the realignment scheme... the aim is to produce a self-sustaining 

saltmarsh' (MAFF, 1999). The suitability of managed realignment as a method of 

coastal defence and for the re-establishment of saltmarshes in south east England is, 

therefore, questionable. 

Managed realignment schemes and minimal-interventionist policies of 

coastal defence have gained credibility in recent years as they are considered 

sustainable in a time of sea level rise. The creation of an intertidal habitat for 

wildlife, especially birds, has also influenced the popularity of these schemes; some 

managed realignment schemes have been build specifically for the creation of 

mudflat to allow macroinvertebrates to colonise as food for wading birds. However 

the outcome of these schemes is not predictable. Realignment sites established to 

create mudflats have developed saltmarsh, and sites created for saltmarsh have 

resulted in mudflat. 

Coastal squeeze, and thus rising sea level, has been accepted as the cause of 

saltmarsh decline in south east England. The scientific literature accepts the theory 
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but does not provide any evidence of the phenomena. Evidence of coastal squeeze 

has not been observed in this study. Since the causes of saltmarsh decline in south 

east England are, as yet, unexplained, and the outcome of new realignment sites 

uncertain, the wholesale introduction of managed realignment is perhaps overly 

ambitious. 

The underlying causes of saltmarsh decline in south east England need to be 

established for the management of this coastline to be effective. Managed 

realignment may be seen as a sustainable and holistic approach to the defence of 

these vulnerable areas, but evidence to support the fundamental science upon which 

these sites are based, is lacking. Alternative explanations need to be considered and 

a better understanding of the processes which affect these areas need to be 

investigated. 
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APPENDIX ONE 

INTRODUCTION 

The managed realignment site at Porlock Bay in Somerset was also examined. In 

October 1996, wave action was allowed to breach a shingle ridge to flood an area of 

grazing land (McTeman and Wilson, 1999). A decision was taken not to repair the 

breach as the ridge had been seriously damaged twice in previous years, once after a 

severe storm in December 1981, and again in February 1990, when a length of the 

beach was demolished and 250 acres of farmland flooded (Thomas, 1993; McTernan 

and Wilson, 1999). Some saltmarsh plants and invertebrates were present before the 

final breach in small quantities behind the beach in the soils which were already 

saline because of saltwater percolation through the beach (R. G. Hughes pers. 

comm. ). The site was visited only once, in April 2000, as a subsequent visit was 

prevented by the outbreak of Foot and Mouth Disease. The data are presented here 

for possible use by others in the future. 

METHOD 

Shore profile and plant and invertebrate distribution. 

(April 2000). 

A shore profile was constructed by recording the height of the land every 5m 

along a 210m transect from low water (0m) (7.95m above C. D. ) using a sighting 

level. The plant and invertebrate abundance along this transect was examined every 

15m from 75m to 180m. Plant abundances were determined within a 0.5m2 quadrat, 

and the invertebrate distributions and abundance were determined by the collection 
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of cores (7.5cm diameter, 20cm depth). Five replicate quadrats and cores were taken 

at every position. 

RESULTS 

The profile of the area breached is shown in Figure Al. Salicornia was the 

most abundant vascular plant, although Suaeda was particularly abundant in one 

area (Figure A2). The dominant invertebrates present were Corophium volutator and 

Nereis diversicolor (Figure A3). The isopod Sphaeroma serratum and diptera larvae 

were also recorded. The distributions of these invertebrates overlapped with those of 

the vascular plants. It is notable that no Salicornia plants were observed in quadrats 

at 105m where the highest densities of Nereis were recorded, despite relatively high 

densities of the plants at the stations either side of these points. 
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FIGURE Al The shore profile of a newly flooded area in Porlock Bay. 

E 13,   
o 12- 

11- 
10- 

i5 

 . 

8- 
0 50 75 100 125 150 175 200 225 

distance from low water (m) 

FIGURE A2 The variation in the mean densities (+s. e. ) of plant species In a newly flooded 

area In Porlock Bay. 
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FIGURE A3 The variation in the mean densities (+s. e. ) of invertebrates In a newly flooded 

area in Porlock Bay. 
Sampled 13 April 2000 (n=5) 
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