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Abstract. This paper presents the results from a study which
was undertaken to monitor, map and quantify salt marsh
change along 440km of shoreline within the county of Essex,
south-east England, between 1973 and 1998. Resultsindicate
that during this 25-yr period, 1000 ha of salt marsh has been
lost in Essex, primarily due to coastal erosion. This figure
represents ca. 25% of the total salt-marsh area originally
present in Essex in 1973. The salt marshes of Essex are
important nature conservation areas, with many sites desig-
nated as Special Protection Areas under the EC Birds Direc-
tive (79/409/EEC) and as Specia Areasof Conservation under
the EC Habitats Directive (92/43/EEC). Salt marshes are also
natural features which significantly dissipate wave and tidal
energy, thereby playing an important role in contributing to
effective coastal defence. Thelarge-scaleloss of salt marshin
Essex has, therefore, implicationsfor both nature conservation
and flood defence. Potential hypotheses for, and implications
of such losses are discussed in this paper, together with the
identification of potential management approachestoalleviate
the losses.

Keywords: Aerial photography; Coastal squeeze; GIS; Sea
level rise.

Abbreviations: NCC = Nature Conservancy Council; ITE =
Ingtitute of Terrestrial Ecology.

Introduction

Thecounty of Essex islocated in south-east England
and comprises atotal shoreline length of 440km. This
shorelineischaracterised by short sections of open coast
interspersed between aseriesof estuariesandtidal inlets
which form components of the larger Outer Thames
estuary complex (Fig. 1).

The coastal salt marshes of Essex are a valuable
international, national, regional and local natural re-
source due to both their inherent coastal defence and
nature conservation properties. The importance of these
salt marshes as natural forms of coastal defence haslong
been acknowledged by the Environment Agency (whois

the body responsible for the provision of flood defences
in England) (Leggett & Dixon 1994; Anon. 1994). This
is due to the significant wave attenuation which has
been proven to occur over the intertidal profile, and
especialy over the salt marsh surface (Mdller et al.
1996). Furthermore, the majority of the salt marshesin
Essex are awarded designated conservation status as
Special Protection Areas (under the EC Birds Directive
79/409/EEC) or as Specia Areas of Conservation (un-
der the EC Habitats Directive 92/43/EEC), and in total
account for 10% of the UK national salt-marsh habitat.
Despite the importance of these areas to the natural
sustainability, coherenceandintegrity of the Essex shore-
line, salt marsh has not in the past been routinely as-
sessed for changes, despite the potential vulnerability to
sea level rise of the order of 6 mm/yr in Southeast
England and their sensitivity to inappropriate manage-
ment activities. Indeed, the figures often quoted for the
rates of salt marsh erosion in relatively recently pro-
duced shoreline management studiesand strategies (e.g.
Anon. 1997) are now out of date, with changes being
last recorded to 1988.

The most comprehensive previous assessment of
salt marsh change in Essex was undertaken for the
(English) Nature Conservancy Council (NCC) (Burd
1992). Theresultsfrom thiswork indicated that signifi-
cant erosional changesoccurredinthe Essex salt marshes
between 1973 and 1988.

This paper presents the results from a contemporary
study whichwasundertaken in order to produceatimely
update of the previousNCC study, thereby investigating
and quantifying salt marsh changes in Essex between
1988 and 1998. The study results give an accurate and
reliable figure of contemporary salt marsh change and
also allow abroad degree of assessment of the shoreline
management activitieswhich have been undertaken with
the intention of checking or offsetting erosion rates.
These include the implementation of ‘managed retreat’
schemes which involve the breaching of existing flood
defencestructuresto allow tidal inundation for purposes
of habitat re-creation (asin Fig. 2), or the construction of
offshore wave breaks to reduce erosion of existing salt
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Fig. 1. Location map of Essex and the

marshes (as in Fig. 3). Furthermore, when combined
with theresultsfrom the NCC study, information isnow
available on the changes within the Essex salt marshes
over a25-yr period, from 1973t0 1998. Theresultsfrom
this paper are currently being applied by shoreline man-
agers to ensure that current and future management
practices are undertaken based upon up-to-date and
reliable data.

Previous studies of salt-mar sh changein Essex

In order to identify and quantify the changesin salt-
marsh areain Essex, it wasfirst necessary to establish a
baseline survey against which the contemporary data
which were available could be compared. In the case of
Essex, two previous baseline surveys exist and are de-
scribed below.

The 1973 study

In 1973, the Ingtitute of Terrestrial Ecology (ITE)
undertook ecological studies of a number of coastal
areas in Essex. One of the specific objectives of their
project was to “provide information on the species,
amount, distribution and habitats of the most important

e Outer Thames Estuary.

elements of the natural fauna and flora of the area’.

In order to achievethis objective, the salt marshes of
Essex were mapped using panchromatic vertical aerial
photographswhich wereflown for the study at 1: 10560
scale. From these aerial photographs, the area of salt
marsh was traced directly onto Ordnance Survey base
maps. Area calculations were made from the resulting
tracings. Results from this study were output in hard-
copy report and figures format (Anon. 1974).

The 1988 study

The (English) Nature Conservancy Council (NCC)
published a report (Burd 1992) which identified and
quantified the rates of erosion on Essex salt marshes
between 1973 and 1988. This study used the mapsfrom
the 1973 ITE study as a baseline and derived datafrom
specially commissioned panchromatic aerial photographs
(1:5000), flown in 1988.

Thefollowing methodol ogy was adopted during the
course of the NCC study:

— The 1973 basdline survey was digitized into a Geo-
graphical Information System (GIS);

—Theareaof salt marsh present in 1988 wastraced from
the 1:5000 scale aerial photographs and the resulting
maps were digitized into the GIS, overlaying the data
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Fig. 2. Managed retreat at Orplandsin the Blackwater Estuary.

files corresponding to the 1973 survey;

— A sequence of ‘gpatial analysis queries’ was proc-
essed onthe GISin order to: (1) quantify the area of salt
marsh present in Essex in 1988; and (2) calculate the
differences in salt-marsh area between 1973 and 1988;
—Results were presented in report format (Burd 1992),
as digital GISfiles, and as a set of salt marsh change
maps. These data formats were suitable to accommo-
date future repest surveys.

The information gained from the 1988 NCC study
contributed to the national debate on reasons for the
erosion of Essex salt marshes. It highlighted that sealevel
rise was a potentially influencing factor, particularly in
locations where salt marshes were backed by flood de-
fence structures or high ground and were progressively
being lost due to aprocess known as‘ coastal squeeze’. It
also provided guidance on NCC's future policy in rela
tion to various shoreline management strategies.

Results from the 1973 and 1988 studies

Theresults from the previous studies identified that
salt marshesin al of the study areas considered within
Essex (namely Rivers Orwell and Stour, Hamford Wa-
ter, Colne and Blackwater estuaries, Dengie Peninsula,
River Crouch and River Thames north bank; Fig. 1)
experienced net loss between 1973 and 1988. Actual
statistics are presented in Table 1.

Whilst theresults presented are undoubtedly signifi-
cant, it was acknowledged in the NCC report (Burd
1992), that some of the results may have been affected
by thelimitations of themethodol ogy used intheproject.
Of particular importance are the following potentially
limiting factors:

* both the 1973 ITE and 1988 NCC studies used
unrectified aerial photographs;
* the scales of the aerial photographs used for both

studies were different;

 the 1973 study involved mapping of the general salt
marsh outline and primary creek systems only, whilst
the 1988 study extended the mapping to include most
creek systems visible on the 1: 5000 scale agerial photo-
graphs;

 thediscrepanciesin scale and level of detail mapped
may have given riseto considerable* apparent losses’ of
salt marsh between 1973 and 1988 which are greater
than the ‘actual losses' experienced.

It is also worth noting that the statistics from the
NCC study which are most frequently quoted inrelation
to the changes in salt marshes in Essex are the percent-
ages of the 1973 baseline which were subject to erosion
by 1988. However, when considering actua rates of
change in salt-marsh area, both the losses due to land
claim and the natural changes due to accretion should
additionally be incorporated in calculations in order to
identify overall net change.

Despite the factors outlined above, the 1988 NCC
study isconsidered to have provided good quality, highly
detailed mapping which is suitable for use as abaseline

N W N T ome ;
Fig. 3. Wave breaks (sunk barges) within Hamford Water.
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Table 1. Summary results of salt marsh erosion in Essex between 1973, 1988 and 1998.

Total Total Total Total Net Loss Total Total Total Net Loss Net Loss
salt- salt- loss accretion 1973 to salt- loss accretion 1988 to 1973 to
marsh marsh 1973 to 1973 to 1988 (ha marsh 1988 to 1988to 1998 (ha 1998 (ha
areain areain 1988 (ha) 1988 (ha) and %) areain 1998 (ha) 1998 (ha)  and %) and %)
1973 (ha) 1988 (ha) 1998 (ha)
River Orwellt 99.5 69.5 39.9 9.9 30.0 (30.2%) 537 25.0 9.2  15.8(22.7%) 45.8(46.0%)
River Stourt 264.2 148.2 129.5 135 116.0 (43.9%) 107.4 514 106  40.8(27.5%) 156.8(59.3%)
Hamford Water 876.1 765.4 170.6 59.9 1107 (12.6%)  621.1 172.0 27.7 1443 (18.9%) 255.0(29.1%)
Colne Estuary 7915 744.4 97.7 50.6 47.1 (6.0%) 694.9 97.0 475  495(6.6%) 96.6 (12.2%)
Blackwater Estuary! 880.2 7385 200.2 58.5 141.7 (16.1%)  683.6 144.5 89.5 549(7.4%) 196.6(22.3%)
Dengie Peninsula 4738 436.5 46.7 9.4 37.3(7.9%) 409.7 32.8 6.0 26.8(6.1%) 64.1(13.5%)
River Crouch 467.1 3474 146.1 26.4 119.7 (25.6%)  307.8 80.0 405 39.6(11.4%) 159.3(34.1%)
Roach / Foulness No data No data No data No data No data 218.4 No 1988 N0 1988 No 1988 No 1973
presented presented presented presented presented data data data data
River Thames 365.9 307.0 105.6 46.7 58.9 (16.1%0) 181.0 35.2 192  16.0(8.1%) Different
(original) limits
(North bank)? 197.0
(revised)

1Salt-marsh areas and changes for the Blackwater, Stour and Orwell represent 1997 areas (not 1998 areas). Thiswas due to lack of aerial photography data availablein
1998 for these three locations. 2The North Thames (Essex) does not have 1998 geographical limits which are consistent with the 1988 baseline, due to the extent of aerial
photography coverage that was availablein 1998. Consequently, in order to enable direct comparisons between the 1988 and 1998 surveys, the area of salt marsh present
inthe 1988 data set has been recal culated within revised geographical limits. Thismeansthat the revised 1988 salt-marsh areas presented here differ fromthe original 1988
salt-marsh areas presented in Burd (1992). This recal culation process has not been possible, however, with the 1973 data because it was not available in digital format.

for repeat studies.

Methods of the 1998 study

The contemporary study wasundertaken during 1999,
although the magjority of aerial photographs used in its
preparation were flown in 1998. Fig. 1 shows the geo-
graphical areawhich hasbeen coveredinthisstudy. The
salt marshes in the following areas of Essex have been
mapped: River Orwell, River Stour, Hamford Water,
Colne Estuary, Blackwater Estuary, Dengie Peninsula,
River Crouch, River Roach, Foulnessand River Thames
(north bank). Due to the more limited extent of aerial
photography coverage that was available in 1998, the
area of North Thames salt marsh present in the 1988
data set was re-calculated within revised geographical
limits which are consistent with the 1998 data.

For the mgjority of the study areas, aerial photo-
graphs at 1:5000 scale taken in 1998 have been used.
For those study areas where 1998 data did not exist,
namely the Blackwater Estuary and the Rivers Stour and
Orwell, 1997 1:10 000 scale aeria photographs have
been used as an available aternative.

The area of salt marsh present on each individual
aerial photograph was mapped onto tracing paper, the
areas of algae or el grass (Zostera spp.) were excluded.
Only the central 80% of each photograph was mappedin
order that theerrorsat the edge of photographs, caused by
angular distortion, were minimised. Complete geogra
phical coveragewasensured dueto thefact that consider-
able overlap existed between adjacent photographs.

Once the salt marsh had been mapped in this man-

ner, the salt-marsh areas were digitized directly into the
GIS, whilst the 1988 haseline was displayed on the
computer screen asa‘reference file'. Upon completion
of digitization, the line work was quality assured to
ensure that all salt-marsh areas were represented by
distinct enclosed polygons within the GIS. The line
work wasthen attributed with appropriate nomenclature
(e.g. flood embankment, salt marsh polygon) and each
polygon wasattributed with acentroid in preparation for
the spatial analysis exercises.

Results of the spatial analysis

The spatial analysis can be described as a compu-
terised assessment method to identify and measure cer-
tain themes, in order to:

1. Identify and quantify al of the salt-marsh area
present in 1998 (or in 1997 in the case of the Blackwa-
ter, Stour and Orwell);

2. ldentify and quantify all of the salt-marsh areas
which were subject to erosion or accretion between
1988 and 1998 (or 1997), as well as identifying and
quantifying areas of stable salt marsh.

Output from the spatial analysis comprised maps
depicting locations of stable salt marsh, locations of salt
marsh erosion and locations of salt marsh accretion and
also quantification (in hectares) of salt-marsh areas and
salt marsh changes.

This section presents the summary statistics from
the studies of salt marsh changes within Essex between
1973, 1988 and 1998 (or 1997). Tables 1 and 2 present
summary statisticsof the salt marsh changeswithin each
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Table 2. Average annud rates of changes between 1973, 1988 and 1998. (n.l.) = net loss. River Roach/Foulness and River Thames
(North bank) have been excluded from Table 2 dueto lack of available data and differences between geographical limits, respectively.

Average annual rate of change

1973 to 1988 1988 to 1998 * 1973to
1998 *
Loss Accretion Net Loss Accretion Net Net

(halyr) (halyr) change (halyr) (halyr) change change

(halyr) (halyr) (halyr)
River Orwell * 2.7 0.7 20(nl) 28* 1.0* 1.8 (nl.)* 1.9 (nl)*
River Stour * 8.6 0.9 7.7 (nl) 57* 12* 45 (n.l.)* 6.5 (n.l.)*
Hamford Water 11.4 4.0 74 (nl) 17.2 2.8 13.9(nl.) 10.0(n.l.)
Colne Estuary 6.5 34 3.1 (nl) 9.7 48 49(nl.) 39(nl)
Blackwater Estuary * 13.3 3.9 94 (nl) 16.1* 9.9* 6.1 (n.l.)* 8.2 (n.l.)*
Dengie Peninsula 31 0.6 25(nl) 33 0.6 27 (nl) 26(nl)
River Crouch 9.7 18 8.0 (n.l.) 8.0 4.1 39 (nl) 6.3 (n.l.)

*Salt-marsh areas and changes for the Blackwater, Stour and Orwell represent 1997 areas (not 1998 areas). This was due to lack of aerial photography data

available in 1998 for these three locations.

of theindividua sites considered in Essex. These statis-
ticsare also represented in Fig. 4.

Fig. 4aidentifies the amount of salt marsh which,
between 1973 and 1988, was: (1) subject to erosion or
land reclamation; (3) experienced accretion; or (3) re-
mained stable. Fig. 4b identifies the amount of salt
marsh which, between 1988 and 1998 (or 1997): (1)
experienced loss; (2) experienced gain; or (3) remained
stable. In Fig. 4b, the area of salt marsh present in the
north Thames has been re-calculated within revised
geographical limits. This means that the 1988 salt-
marsh area quoted for the north Thames differs between
Figs. 4aand 4b. Fig. 4c identifies the reduction in total
salt-marsh area within each site from 1973, through
1988 to 1998 (or 1997).

From the results, it can be seen that al of the eight
sites for which both 1988 and 1998 (or 1997) data
existed (i.e. excluding the River Roach and Foulness)
experienced net salt marsh loss between these dates.
Of these sites, Hamford Water experienced the great-
est absolute net loss (139 ha) whilst the Rivers Stour
and Orwell experienced the greatest percentage net
losses of their original area (28% and 23 % respec-
tively). The changes within the Stour and Orwell are
particularly concerning becausethis net loss was expe-
rienced over a period of only nine years (since 1997
data were used). Although the Colne, Blackwater and
Crouch experienced rel atively large absol ute net | osses,
these figures represented only moderate percentage
net losses of their original areas. Dengie peninsula
experienced the lowest percentage net loss of all of the
Essex complexes considered, with 6% (or 27ha) net
loss recorded.

Whilst the Blackwater estuary experienced asimilar
major order of erosion to Hamford Water, significant
accretion was aso recorded, thus reducing the net ef-
fect. Some of this accretion was due to the implementa-
tion of managed retreat schemes leading to intertidal

habitat re-creation within the estuary, such as that at
Orplands (Fig. 2). Considerable accretion was also re-
corded in the Colne and the Crouch.

It is evident from the resultsin Tables 2 and 3 and
Fig. 4 that similar general patterns of salt marsh change
were observed between 1988 and 1998 as were ob-
served in the NCC study between 1973 and 1988. The
only major exception to this generalization is the in-
creased rates of accretion which were recorded, par-
ticularly in the Blackwater, but also in the Crouch,
although in the case of the Blackwater the average
annual (gross) erosion of salt marsh between 1988 and
1998 (16 halyr) exceeded that observed in the NCC
study (13 halyr), thus having the net effect of contin-
ued salt marsh loss. Additionally, some of the ob-
served accretion in the Blackwater was due to the
implementation of managed retreat schemes (13 ha),
as opposed to natural accretion, thusindicating that in
the absence of these schemes, the net ossin the Black-
water would have been greater.

Discussion

The total amount of salt marsh present within the
combined Essex complexes of the Rivers Orwell and
Stour, Hamford Water, Colne and Blackwater estuaries,
Dengie peninsulaand River Crouch has been calculated
for 1973, 1988 and 1998. The results presented below
indicate that significant loss of salt marsh has occurred
throughout the 25-yr period:

» Thetotal salt-marsh areain these complexesin 1973
was 3852 ha;
» Thetotal salt-marsh areain these complexesin 1988
was 3250 hg;
» Thetotal salt-marsh areain these complexesin 1998
was 2878 ha.
Thetotal salt marsh lossin these complexes between
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Salt marsh changes, 1973 - 1988
(after Burd 1992)

Salt marsh area (ha)
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1973 and 1998 was 974 ha. If statistics for the River
Roach and Foulness and the north Thames were also
includedintheabovecalculations, it can be estimated that
the total salt marsh lossin Essex would have exceeded
1000 ha over 25 yr. This equates to an average annual
rate of approximately 40halyr. The hypothesesfor, and
implications of such alarge-scale loss of salt marsh are
discussed in the following sections.

Reclamation for port developments

Reclamation of salt marshes for port developments
has occurred in some complexes between the dates
considered within this study. Clearly, this leads to a
direct lossof salt marsh and may also have effectson the
tidal prism and tidal asymmetry of the estuary (dis-
cussed later). However, direct loss due to reclamation

only accountsfor only 5% of the observed lossin Essex
over 25 yr from 1973 to 1998.

Long-term estuarine response to sea level changes

Evidence from previous UK east coast estuary stud-
ies (e.g. Pethick 1996; Lowe 1999) suggests that the
natural estuarine response to sea level rise is for the
entire estuary morphology to ‘roll-over’. In summary,
the increase in water depth associated with a sea level
rise which outpaces sedimentation rates results in:

1. Anincrease in wave energy towards the landward
limit of the intertidal zone, resulting in erosion of the
upper mudflat and salt marsh edge (Fig. 5A);

2. A decreasein the shear stress on the bed of the sub-
tidal channels, resulting in a net accretion of sediment
here. Most of this sediment isgenerally eroded from the

Salt marsh changes, 1988 - 1998 (* or 1997)
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Reduction in total salt marsh areas,
1973 - 1988 - 1998 (* or 1997)
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upper intertidal zone by wave action and swept down
the intertidal slope by tidal currents (Fig. 5B);

3. Anincreaseintidal energy entersthe estuary dueto
the deeper water at the estuary mouth and in the near-
shorezone. Theresult isthat sediment recently deposited
in the sub-tidal channel is swept landwards to be depos-
ited in the inner estuary, upon the intertidal zone if
possible (Fig. 5C);

4. The overal morphology of the estuary undergoes a
spatia trandation in two directions: landwards and up-
wards to maintain its position in the energy frame (Fig.
5D).

Therefore, such a ‘roll-over’ transgression is likely
toresultin natural salt marsh erosion towards the mouth
of an estuary (or the mouth of its creeks) and natural salt
marsh accretion towards the head of an estuary (or the
head of its creeks) as its morphology attempts to move
landwards and upwards within the tidal frame in re-
sponse to rising sealevels.

Inhibition of estuarine ‘roll-over’ by the presence of
flood defences

Inhibition of theroll-over’ transgression process by
intervening flood embankments causes the intertidal
area to be progressively ‘squeezed’ between the static
engineering structures and therising sealevel, resulting
in direct loss of salt marsh and mudflat (Pethick 2001).
In many Essex estuaries there have been significant
anthropogenic alterations to the morphological form of
the estuary which affect and constrain theway in which
the estuary can dissipate energy and ‘roll-over’. The
presence of flood defences can also reduce the amount
of intertidal which is available in the inner-estuary to
receive the sediment which is eroded from the outer-
estuary. The response is that available sediment has to
be deposited in the remaining sub-tidal channel, rather

Foulness
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than on theintertidal, thus decreasing the estuary depth.
However, decreasing the depth of an estuary, without a
corresponding increase in width, results in an increase
inthetidal velocity, increasing the potential for erosion.
If a sufficient buffer zone of mudflats and salt marsh
were available for the deposition of sediment on each
bank, then it is more likely that a sustainable estuary
morphology would be achieved and less salt marsh
erosion would be observed.

Long-term estuarine response to land reclamation

It should be noted that the effects of 1and reclamation
aremanifest over time scalesof decadesto centuriesand
can have serious implications both within the estuary
and on the adjacent open coast (Pethick in press). The
historic reclamation of large areas of intertidal zones of
estuaries (as previously practised widely in Essex) has
often resulted in:

« amodification to the geometry of the flood and ebb
channels(perhaps* squeezing’ existing salt marsh against
the flood embankments);

» changesto the asymmetry of thetidal velocity curve
(perhaps giving a tendency for ebb dominance and
hence causing or exacerbating salt marsh erosion);

» changesto the tidal prism of the estuary (discussed
below).

Reduced natural protection offered by ebb deltas

Reducing thetidal prism of an estuary (the volume of
water which enters and leaves the estuary on each tide)
through land reclamation can lead to adecreasein estuary
length and a consequential withdrawal landward of the
associated ebb-tide delta. This may in turn lead to in-
creased exposure of the outer estuary, the adjacent open
coadt intertidal area and engineered defences to wave
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A Erosion of upper mudflat and salt marsh edge B Temporary accretion of sediment in the sub-tidal channel

estuary inter-tidal zone

Fig. 5. Stratigraphic ‘roll-over’
model for estuarine response to
sealevel rise. I

attack as the modified ebb-tide delta offers less natura
protection to the shoreline (Pethick 2001 in press).

Cyclic behaviour of coastal systems

Cycles of erosion and accretion of the Essex salt
marshes(ashypothesized by Greensmith & Tucker 1966),
may occur within some complexes. However, any such
changes are likely to be superimposed upon an underly-
ing unidirectional change (Ranwell 1972). In the case of
Essex, this clearly appearsto be an erosiona change.

Changing wave conditions

Salt marsh erosion within Essex may also be dueto
changing wave conditions, for example increasing
storminess or changing wave refraction patterns under
different sea level and/or bathymetric conditions. For
example, Greensmith & Tucker (1966) observed the
landward migration of a chenier ridge offshore from
Dengie. This morphological response to rising sealev-
els may affect the wave refraction characteristics over
the ridges and alter forcing parameters at the shoreline.
Direct wave action at the salt marsh / mudflat boundary
is considered to have been a major source of the ob-
served erosion in Essex.

Geomorphological functioning

The following geomorphological factors could all
potentially account for some degree of variation in the
salt-marsh area present within Essex:

1. Pethick (1999) postulated that salt marshes *func-
tion’ within a self-regulating feedback system. He sug-
gested that when a zone of salt marsh is sediment-

| C Sediment swept landwards to be deposited in inner-

|

|[p Morphology shifts upwards and landwards to maintain
its position in the energy frame
|

starved (e.g. at apoint onthe marshwhichistoo far from
the nearest creek to receive sediment, but till receives
tidal water), the marsh elsewhere (e.g. nearer to creek)
continues to accrete because it continues to receive
sediment. Over aperiod of time, theresult of thiswill be
aponding of tidal water within thelower areas of marsh.
Thiscan then lead to headward erosion from the ponded
area, aprocess which then forms anew creek acrossthe
marsh. The newly-eroded creek then allows sediment to
be transported to the topographically lower points on
marsh, which then accrete and hence catch up and keep
pace with surrounding marsh accretion.

2. Pethick (1999) postulated that on marshes with
little cross-shore gradient, ‘ coils' are created within the
marsh. These features function like a tidal meander in
terms of achieving tidal energy dissipation, but are
created only on marsheswith little or no gradient. Addi-
tionaly, it is suggested by Pethick (1999) that outer
estuary sections are generaly characterised by rela
tively mobile salt marsh/mudflat boundaries, but inner
estuaries are generally characterised by relatively stable
salt marsh/mudflat boundaries because these locations
are fetch-limited (i.e. little wave action exists).

Legal and biodiversity implications

The continued loss of salt marsh within Essex has
considerable implications for nature conservation, in
both biodiversity andlegal terms. Firstly, thesalt marshes
of Essex represent ca. 10% of the national habitat total.
The observed rates of loss of these marshes clearly has
both local and national implications in terms of the
direct loss of anationally scarce natural resource which
supports awide range of floraand fauna. However, the
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lossof salt marsh additionally hasawider implicationin
termsof UK compliance with the EC Habitats Directive
(through the associated UK Conservation Regulations).
Thisis of relevance to coastal managers since the pres-
ence of flood embankments along much of the Essex
shoreline causes existing salt marsh to be progressively
squeezed between rising sea levels and static flood
defence structures. It must be considered that the | oss of
such extensive areas of salt marsh within Essex islikely
to have significant adverse impacts on the integrity of
the internationally designated sites of nature conserva-
tioninterest (which are present throughout Essex). Con-
sequently, given the rates of loss which have been
recorded, management action needsto be taken in order
to maintain the overall integrity of these sites. Thismay
best be achieved through the ‘balancing’ of losses and
gains on a wide scale through the implementation of
habitat management strategies such as land banking.

Over 25yr (1973-1998), the observed amount of salt
marsh lossin Essex has exceeded 1000 ha. This equates
to an mean annual rate of over 40 halyr. Therefore, in
order to simply ‘compensate’ for the losses anticipated
from this day forward, atotal of 40 ha/yr would haveto
bere-created. Thisfigureassumesno increasein rates of
sea level rise and does not even take into account the
extent of historic loss due to land reclamation and ero-
sion up to the present time, but it does exemplify the
scale of the management issues facing the Essex coast-
line, particularly when considering that the total amount
of ‘managed retreat’ (intertidal habitat re-creation
schemes) undertaken has amounted to ca. 80ha, of
which only a relatively small proportion has, to date,
been colonized by salt marsh species (13 ha), with the
majority being intertidal mudflat. This means that the
annual amount of salt marsh re-creation required in
order to simply make good anticipated losses from this
day forwardissignificantly greater than thetotal amount
of salt marsh re-creation that has ever been undertaken
in Essex (or indeed the UK) through the implementation
of managed retreat (or salt marsh creation) schemes.

Implicationsfor coastal defence

Along many shorelinefrontagesin Essex, the strate-
gic coastal management plan, named the Essex Shore-
line Management Plan (Anon. 1997), identified a pre-
ferred short-term (up to 10 yr) management policy of
‘hold the existing line of structural defences’ combined
with further monitoring, modelling and economic evalu-
ation in order to identify sustainable defence policiesfor
the longer term. However, given the results from both
the NCC (Burd 1992) and present (Cooper et al. 2000)
studies, it must be anticipated that considerablelossesin

salt-marsh area will continue to be observed under a
policy of ‘hold the existing line of structural defences,
evenif thisisonly ashort-term policy for the next 10 yr.

Additionally, mudflats and salt marshes are features
which dissipate wave and tidal energy. As such, they
must be considered as natural forms of coastal defence.
Experiments in North America have shown that the
passage of waves through salt marsh vegetation may
reduce wave height by 71% and wave energy by 92%
(Frey & Bason 1978). Similar field results were ob-
tained at Stiffkey marshin Norfolk, England, indicating
that salt marsh surfaces can decrease wave energy from
between 50-100% (Moller et a. 1996). However, in
Essex, the continued erosion of salt marsh, coupled with
sea level rise, is likely to result in progressively less
wave attenuation over the salt marsh surface, resulting
in progressively more direct wave action on the existing
flood embankments. The resulting implications may be
manifest through increasing damage to, and mainte-
nance costs of the structural defences.

Possible management approaches

In order to addresstheissue of salt marsh losswithin
Essex, arange of management approaches are possible.
These include:

» Allowing more space for landward migration of the
salt marshes in response to sealevel rise (e.g. managed
retreat through the removal or breaching of existing
coastal defences—seeFig. 2);

» Decreasing the wave activity impacting upon the
marshes (e.g. through the placement of offshore wave
breaks — see Fig. 3);

 Increasing the suspended sediment concentrations
reaching the salt marshes (e.g. through supplying a
sediment-starved estuary or coastal areawith sediment,
often derived from navigation channel dredging);

* Increasing thetrapping efficiency of existing marshes
(e.g. through the construction of polders or groynes)
although the effectiveness of this technique has been
critically debated (Bakker et al. 1997);

» Engineering (relatively dense) creek systemson man-
aged retreat sites (in order that most locationson the site
are able to receive sediment).

Conclusions

This paper has investigated the erosion of the salt
marshes of Essex between 1973, 1988 and 1998. It has
been found that net erosion occurred during this time
period in al of the coastal and estuarine complexes
which have been considered. Furthermore, over the past
25 yr, it has been estimated that over 1000 ha of salt
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marsh has been lost from Essex. This net loss has been
due to both reclamation for port developments and
erosion. Potential hypotheses for this large-scale ero-
sion have been identified as follows:
 Inhibition of the long-term estuarine ‘roll-over’ in
responseto sealevel riseand resulting coastal ‘ squeeze’
between rising sea level and existing flood defences;
 Long-term morphological responseto land reclama-
tion, resulting in reduced protection offered by natural
features;
 Internal dissection of existing marshes;
» Cyclic behaviour of coastal systems;
« Changing forcing conditions;
» Sdlf-regulating nature of geomorphological systems.
The implications of the observed losses have been
discussed in both nature conservation and coastal de-
fenceterms. Itissuggested that the current management
practice of ‘hold the existing line of structural defences
(as identified as the preferred shoreline management
policy for the next 10 yr throughout many parts of
Essex) is not sustainablein the longer term, and contin-
ued salt marsh loss will occur as long as this palicy is
implemented. This will ultimately result in increasing
damageto existing engineered defences, increasing loss
of internationally important habitats, andincreasing pres-
sure on relevant authorities under the EC Habitats Di-
rective and UK Conservation Regulationsto ensure that
theintegrity of theinternationally designated conserva
tion sitesis maintained or enhanced.
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