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• We investigate the effect of sea level
rise on a tidal wetland ecosystem.

• Wetland sedimentation processes are
modelled against the effect of sea level
rise.

• Model shows that in 175 years, the
wetland is inundated at every flood
tide.

• Increased salinity and inundation are
associated with decline in species diver-
sity.

• In short term, sea level rise is associated
with increased carbon storage.
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Sea-level rise associatedwith climate change presents amajor challenge to plant diversity and ecosystem service
provision in coastal wetlands. In this study, we investigate the effect of sea-level rise on benthos, vegetation, and
ecosystem diversity in a tidal wetland in west Wales, the UK. Present relationships between plant communities
and environmental variables were investigated through 50 plots atwhich vegetation (species and coverage), hy-
drological (surface or groundwater depth, conductivity) and soil (matrix chroma, presence or absence ofmottles,
organic content, particle size) data were collected. Benthic communities were sampled at intervals along a con-
tinuum from saline to freshwater. To ascertain future changes to the wetlands' hydrology, a GIS-based empirical
model was developed. Using a LiDAR derived land surface, the relative effect of peat accumulation and rising sea
levels were modelled over 200 years to determine how frequently portions of the wetland will be inundated by
mean sea level, mean high water spring and mean high water neap conditions. The model takes into account
changing extents of peat accumulation as hydrological conditions alter.
Model results show that changes to the wetland hydrology will initially be slow. However, changes in frequency
and extent of inundation reach a tipping point 125 to 175 years from 2010 due to the extremely low slope of the
wetland. From then onwards, large portions of the wetland become flooded at every flood tide and saltwater in-
trusion becomes more common. This will result in a reduction in marsh biodiversity with plant communities
switching toward less diverse and occasionally monospecific communities that are more salt tolerant.
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While the loss of tidal freshwater wetland is in line with global predictions, simulations suggest that in the Teifi
marshes the loss will be slow at first, but then rapid. While there will be a decrease in biodiversity, themodel in-
dicated that at least for one ecosystem service, carbon storage, there is potential for an increase in the near future.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Climate change and associated sea level rise is one of the greatest
challenges to the continued provision of coastal wetland ecosystem ser-
vices and biodiversity. Nicholls et al. (1999) estimate that by the 2080's,
sea level rise could cause the loss of 22% of the world's coastal wetlands.
The spatial impact of rising water levels on coastal wetlands has been
the focus of numerous studies (e.g. Rogers et al., 2012; Poulter and
Halpin, 2008; and others) which have highlighted the need to allow
space for ecosystemmigration inland. Inmany instances though, coastal
squeeze will prevent ecosystem migration and the remaining wetland
communities will be dramatically altered. In this study we use a two
stepped approach to forecast what wetland vegetation communities
might be like in a wetland in west Wales as sea level rises. First, we in-
vestigate controls on present wetland vegetation communities. Second,
wemodel the effect of sea level rise on inundation levels in thewetland.
We combine these analyses to provide a forecast of probable change in
the distribution of wetland vegetation communities over the next
200 years.

Predicting change to wetland ecosystems is complex as alterations
to the physical environment are mediated by biological interactions,
often resulting in an outcome that is not necessarily obvious (Day
et al., 2008). Nevertheless, by studying systems in which a single envi-
ronmental variable has been altered, it may be possible to understand
trajectories of change in similar ecosystems while acknowledging the
cascading effect that change may have on other environmental vari-
ables. Warren and Niering (1993) applied this method to the New En-
gland saltmarshes in the US, by contrasting current vegetation with a
survey completed in 1947. In our study,we investigate existing environ-
mental gradients within the wetland and use these to evaluate future
changes to vegetation communities. This method, employing ergodic
reasoning (space for time substitution), provides an alternative where
long term data sets are absent.

Likely scenarios were provided by raster based modelling of future
inundation levels in the wetland against a background of ongoing or-
ganic sediment accumulation. Raster modelling is limited by the resolu-
tion of elevation data (e.g. Poulter and Halpin, 2008), but as Rogers et al.
(2012) demonstrate, LiDAR elevation data provides a major advance in
mapping coastalflooding. In their study, inundation levelswere forecast
by mapping rising sea levels onto a LiDAR digital elevation model to
which an accretion model had been applied. The authors contrasted
their work with ‘bathtub’modelling (e.g. planar water surface flood in-
undation modelling, Priestnall et al., 2000), which fails to account for
the increase in elevation of coastal wetlands through processes of min-
eral or organic accretion. More complex models include the effects of
compaction and decomposition in addition to sediment accretion and
incorporate feedbacks that may alter elevation (e.g. Day et al., 1999).

Using a combination of thesemethods, several authors have dem-
onstrated the importance of ongoing sedimentation to coastal wet-
land resilience as sea levels rise. In most instances, research has
shown that at IPCC best estimate rates, sedimentation in coastal wet-
lands is unable to keep pace with sea level rise (e.g. Day et al., 1999;
van Wijnen and van Wijnen and Bakker, 2001; Goor et al., 2003;
FitzGerald et al., 2008). Even when the feedback between inundation
and vegetation growth is modelled, maintaining an equilibrium ele-
vation is impossible in most coastal marshes (Kirwan and
Temmerman, 2009). Resilience is particularly low in wetlands
where changes in elevation are controlled by peat accumulation
rather than clastic sedimentation. For example, in the wetlands of
the Albemarle-Pamlico peninsula of North Carolina in the US,
vertical accretion rates are considered too low to prevent submer-
gence if sea level rise accelerates (Moorhead and Brinson, 1995).

In contrast, in areas where suspended sediment concentrations are
high or increasing, some coastal wetlands may be able to persist (e.g.
Temmerman et al., 2004; Reed, 2002; Morris et al., 2002). In San
Francisco Bay for instance, marsh accretion as a result of sedimentation
and peat formation has been able to compensate for high rates of subsi-
dence and the low rate of sea level rise, maintaining the elevation of the
marsh surface above mean high water (Patrick and DeLaune, 1990). A
key factor is that the system is not sediment limited. Indeed, it has
been suggested that sediment dispersal by natural and/or engineered
mechanisms could mitigate coastal wetland loss in some of theWorld's
largest deltas (Nittrouer et al., 2012; Edmonds, 2012).

This study is focussed on a small tidal wetland in west Wales that is
located at the present day interface of fresh and salt water. The aimwas
to understand how inundation frequency and magnitude will alter as
sea levels rise, and to evaluate the likely effect on vegetation and ben-
thos communities. There is a regional need for insight into the potential
for coastal wetlands to provide habitat and/ormaintain their biodiversi-
ty such that wetland bird and animal populations can be sustained in
the future. To develop this insight, we investigated present day benthos
and vegetation along environmental gradients (i.e. wetness and salt tol-
erance). We then used a raster based model to estimate inundation
levels at mean water level as well as at neap and spring tides. The
model incorporated an accretion model to account for elevation that
was continually created as peat was formed. The model accounted for
an increase in peat formation extent as more of the wetland became
flooded.

1.1. The Pentood and Rosehill Marshes, Teifi Marsh

The Teifi Marsh is located alongside a tidal estuarine stretch of the
Teifi River just upstream of Cardigan town in west Wales, the UK (Fig.
1) and falls within a reserve managed by the Wildlife Trust of South
andWest Wales. The reserve comprises two marsh areas – the Rosehill
Marsh on the eastern side of the abandoned Cardi-Bach railway, and the
Pentood marsh on the western side. A meandering stream, the Afon
Piliau, drains a small catchment to the southwest (~14 km2 in size),
and flows through the Pentood Marsh into the Teifi River.

The reserve is managed for waterfowl habitat and is grazed by a
combination of horses and water buffalo to encourage plant diversity.
In addition, some ponds have been dug and are occasionally cleared to
maintain patches of open water. The abandoned Cardi-Bach railway
compartmentalises themarsh into two systems that vary hydrologically
and ecologically (Fig. 1). The Rosehill Marsh, confined on all sides by a
combination of the railway, an old slate tip and the Teifi River, is primar-
ily reed bed. It receives some water from discontinuous channel net-
works that drain the Pentood Marsh and pass under the railway
through culverts and also experiences tidally induced flooding from
the Teifi River estuary. Contrarily, the Pentood Marsh has a restricted
connection to the Teifi River at the junction of the Afon Piliau and the
extent of tidally induced flooding is less pronounced than in the Rosehill
Marsh.

Prior to the last glaciation, the Teifi River occupied a wide meander-
ing floodplain. During the Last Glacial Maximum, Irish Sea ice reached
the west coast of Wales creating ice dammed lakes in coastal river val-
leys across western Wales. One of the largest was Llyn Teifi (Fletcher
and Siddle, 1998). During the glaciation, the lake and the pre-existing
course of the Teifi River were gradually filled with glacially-derived
sediment.



Fig. 1. Location of benthic sampling positions, vegetation plots and sediment cores. Fringing reeds andmarsh vegetation types are digitised from the 1953 Ordnance Surveymap. Pentood
and Rosehill Marshes are approximately 5 km upstream of the Teifi River mouth.
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Retreat of the sea ice as the climate warmed resulted in catastrophic
dam bursts and the erosion of deep gorges at Cilgerran and Cenarth
(Glasser et al., 2004). The current Teifi River flows through these gorges,
and large portions of the old meandering course have been abandoned
(Allen, 1960). The Teifi Marshes are located on one of the most promi-
nent of these abandonedmeanders, which have been shown to be filled
with up to 30 m of sediment (Allen, 1960). The hydrological base level
of the valley is set by theRiver Teifi, whichhas allowed thedevelopment
of the Teifi palustrine wetlands (similar to those described by Grenfell
et al., 2010). Current rates of minerogenic sedimentation within the
marsh are negligible allowing the accumulation of peat.

2. Methods

2.1. Field data collection

During late August 2012, 50 sample plots were located across the
wetland to capture variation in vegetation, hydrology and sedimentolo-
gy (Fig. 1). At each plot, vegetationwas identified and coverage estimat-
ed using the Braun-Blanquet scale. In herbaceous wetland vegetation,
plots had a radius of 2m(12.5m2)while inwoodland areas a plot radius
of 5 m (78.5 m2) was used. At each plot, a surface sediment sample was
taken and a small hole cored to measure ground- and/or surface water
conductivity using a WTW Multi 340i conductivity meter. Depth to
groundwater or depth of surface inundation was measured using an
Eijkelkamp sounding device. In addition to surface sediment samples,
four sedimentological cores were taken and logged in the field using a
combination of a Russian peat corer and Eijkelkamp auger set. Core
TC4 was transported to the laboratory for sub-sampling, whereas TC1,
2 and 3 were sub-sampled in the field at 0.5 m intervals or more fre-
quently through sections of sedimentological change. The position and
elevation of all vegetation plots and sediment cores was surveyed
using a Leica Viva GNSS Netrover which provided sub-centimetre accu-
racy in x, y and z co-ordinates.

To determine the composition of the benthic invertebrate flora, ad-
ditional sediment core samples were taken along the intertidal shores
of the Teifi Estuary. Samplingwas conducted at five sites along the estu-
ary and river, ranging from the tidal mudflats bordering the marsh to a
location 4 km seaward of the TeifiMarsh. At each site six replicate sam-
ples were taken covering a surface area of 100 cm2, 15 cm deep. Surface
sediment samples were taken from the top 5 cm using a trowel. Surface
water temperature, salinity and pHweremeasured at the sampling sites
on 24/08/2012 during high water.

2.2. Laboratory analysis

Particle size distribution and organic content was determined for all
surface and core sediment samples. For particle size determination, or-
ganics were removed from 1 to 2 g of sample by pre-treating with con-
centrated hydrogen peroxide overnight, followed by heating to
complete the reaction. The prepared samples were then analysed in a
Malvern Mastersizer 2000, which employs laser diffraction methods to
measure particle size, using a manual wet dispersion unit. Organic con-
tent was calculated by incinerating known sample masses in a furnace
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for 4 h at 450 °C. Three peat samples from core TC4 were sent to Beta
Analytic Inc. in Miami, Florida for radiocarbon dating by AMS.

The benthos samples were washed through a 0.5 mm mesh sieve,
and the sieve remains were analysed for invertebrates. The fauna was
identified to species level and counted.

2.3. Data analysis

2.3.1. Two-way indicator species analysis (TWINSPAN) of vegetation
WinTWINS 2.3 (Hill and Šmilauer, 2005), a windows based version of

the original TWINSPAN software, was used to develop a community
based classification of the wetland vegetation. In TWINSPAN, sample
plots are classified first followed by a species classification, producing a
succinct two-way table that may be interpreted to identify vegetation
communities. Classification is conducted using a series of ordinations (cor-
respondence analyses), that systematically divide the samples into two
groups to create a dichotomous hierarchy. Species abundance is accounted
for by ‘pseudospecies’. Division continues until a user-defined criterion is
reached. Inmany cases, TWINSPANmaybeused to identify environmental
variables that have an impact on vegetationdistribution (e.g. soilwetness).
One of themain criticisms of TWINSPAN is that dichotomies donot usually
exist in nature, resulting in inaccurate final classifications (Jongman et al.,
1995). Nevertheless, interpreted with care, TWINSPAN provides a useful
method of analysing large vegetation data sets.

2.3.2. Benthic infauna analyses of intertidal mudflats
Differences in the composition of the benthic infauna communities

between the five sampling sites along the Teifi estuary were tested
with a permutation multivariate analysis of variance (PERMANOVA),
based on Bray-Curtis dissimilarity of log(x + 1) -transformed abun-
dance data (Anderson et al., 2008). The relationship between communi-
ties is illustrated by non-metric multi-dimensional scaling (MDS)
(Clarke and Warwick, 2001).

The relationship between the benthic community and environmen-
tal predictor variables was analysed and modelled by distance-based
linear models (DISTLM) and illustrated by distance-based redundancy
analysis (dbRDA) (Anderson et al., 2008). Benthic communities were
represented by Bray-Curtis dissimilarity of log(x + 1)-transformed
abundances after summing abundance information from the 6 individual
cores of each site, and they were linked to predictor variables ‘%sand’, ‘%
clay and silt’, ‘distance from mouth of estuary (m)’, ‘temperature (°C)’
and ‘log(x + 1) salinity (ppt)’. Correlations between predictor variables
were explored by Draftman plot (Anderson et al., 2008), which revealed
significant correlations between ‘distance to mouth of estuary’ and ‘salin-
ity’ and ‘temperature’. Hence only the factors ‘distance to mouth of estu-
ary’, ‘%sand’ and ‘% clay and silt’were entered in the model.

2.3.3. Development of the empirical sea level rise and peat accretion model
In order to investigate the impact of rising sea levels on hydrology and

vegetation, a GIS-based empirical model was developed. Using a starting
land surface, the relative effect of peat accumulation and rising sea levels
aremodelled over time to determinewhich areas are likely to be inundat-
ed bymean sea level, mean highwater spring andmean highwater neap
conditions. The model takes into account that as hydrological conditions
alter due to changes in sea level, the spatial extent of peat accumulation
will expand and/or contract, impacting upon organic accretion.

For simplicity, the model assumes peat accumulation occurs at a
constant rate that is not spatially variable. The structure of themodel al-
lows the user to adjust inundation levels, accretion rates or the length of
the time step. If mineral sediment accretion was important, it would be
possible to incorporate these calculations into the existing model.

2.3.3.1. Model data inputs. Starting surface elevation was provided by an
Aerial LiDAR (Light Detecting and Ranging) Digital Terrain Model
(DTM) supplied by the Environment Agency, UK. Environment Agency
DTM's are ‘bare earth’ elevation models that have been filtered to
remove buildings, vehicles and vegetation, and thus provide a clear
base for flood inundation analyses. The spatial resolution of the DTM
was 1 m with a vertical accuracy between 5 and 15 cm.

The rate of peat accretionwas calculated using radiocarbon dates from
core TC4. A linear regression (R2 = 0.911) comparing depth and age sug-
gested a time averaged accretion rate of 0.87mm·a−1. Since the accretion
rate at a particular position is likely to be variable over time, the rate, aver-
aged over ~4000 years, provides a suitable estimate of likely accretion
rates across the wetland. Furthermore, the rate also includes the effect of
compaction, negating the need for additional compression calculations in
the model.

Forecasts of sea level were based on estimates derived for the UK Cli-
mate Impacts Program (UKCIP, 2010) which were originally based on
simulations from 16 Multi-Model Ensembles (MME) using a medium
emissions scenario. These were compared to Met Office results derived
using Perturbed Physics Ensembles (PPE). The range of values from the
MME simulations was greater, and so these were used so that a larger
scale of uncertainty could be represented. The resulting MME estimates,
which account for sea-level rise associated with both thermal expansion
and melting of land ice, were then corrected for vertical land movement
(Bradley et al., 2009; Milne et al., 2006; Shennan et al., 2006). In the
long-term, the UKCIP high estimate forecast sea level for Cardiff is similar
to that calculated from a linear projection of current sea level rise mea-
sured at Milford Haven (Hakin gauge, Permanent Service for Mean Sea
Level, PSMSL, 2013; Woodworth and Player, 2003). However, all UKCIP
estimates are higher in the long term compared to estimates from rates
of current sea level rise at Fishguard and Newlyn, primarily because
they are linear rather than polynomial projections (Fig. 2).

In order to ensure compatibility with the LiDAR dataset, UKCIP esti-
mates were corrected to account for the difference between the UKCIP
baseline (mean sea level between 1980 and 1999) and Ordnance
DatumNewlyn (based onmean sea level between 1915 and 1921 inclu-
sive, measured at Newlyn). For estimates of inundation during Mean
High Water Neap (MHWN) and Mean High Water Spring (MHWS),
forecast estimates were used in combination with the current MHWN
andMHWSvalues as provided by the ProudmanOceanographic Labora-
tory software (POLTIPS, 2013), corrected for AOD Newlyn.

2.3.3.2. Basic model steps.

1. Depth of peat accreted between model iterations is calculated.

The amount of peat accreted is dependent on the length of the time
step (between 10 and 25 years for this study), the accretion rate and the
spatial extent considered hydrologically suitable for peat formation
(Fig. 3). For the first time step, the extent of peat accumulation mapped
in the field is used as the spatial input. In subsequent iterations, the out-
put from step 4 is used so that changing hydrological conditions affect-
ing the formation of peat are taken into account.

2. Peat accreted is added to LiDAR DTM to calculate forecast DTM

For each time step, land surface elevation is predicted using the output
from step 1 combined with an existing DTM. For the first time step, the
original LiDAR data set is used. In subsequent iterations, the output from
the preceding iteration is used as an input. In the Pentood and Rosehill
Marsh, minerogenic sedimentation is negligible and is excluded from
calculations.

3. Forecast DTM is compared to forecast sea level elevation

The forecast land surface elevation is compared to the forecast sea
level elevation, inundated pixels are extracted.

4. Relationship between sea level anddepth of inundation used to fore-
cast spatial extent of peat accretion for next iteration



Fig. 2.A comparison of UKCIP derived sea level forecast estimates for Cardiff (UKCIP, 2010) and an extrapolation ofmeasured rates of sea level rise at Newlyn, Fishguard andMilford Haven
(Permanent Service for Mean Sea Level, PSMSL, 2013; Woodworth and Player, 2003). All records are relative to Ordnance Datum Newlyn.
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Themajor peat forming plant in the Teifiwetlands is the reed Phrag-
mites australis. In Britain, P. australismay occur where the water table is
between1mbelow and 1mabove ground level (Haslam, 1972). Expan-
sion of the reed bed is primarily through the production of vegetative
rhizomes, which may allow colonization of relatively deep water. As
temperature increases, the depth of water that may be colonised in-
creases, with water depths up to 4 m colonised in tropical regions
(Haslam, 1972).

An analysis of current peat extent and elevation determined from
LiDAR data was used to estimate the extent of future conditions suitable
for peat formation. Currently, 95.4% of mapped peat occurred in wave-
and scour-protected areas between −1 and 2.73 m amsl. The relation-
ship between mean sea level and elevation indirectly accounts for the
combined effect of base level (the Teifi River and mean sea level) and
water inputs from the Afon Piliau catchment on wetland hydrology. Fu-
ture extents are based on the assumption that the slope of the water
table will be maintained as mean sea level rises (Fig. 3).

3. Results

3.1. Description of current wetland and estuary status

3.1.1. Vegetation
An interpretation of the TWINSPAN outputs identifies 10 wetland

plant communities within the marshes (Fig. 4). The first division
Fig. 3. The effect of rising sea level on forecast peat extent when water table slope is
assumed to remain constant.
separates communities dominated by reeds and those dominated by
rushes and herbs, with Phragmites australis and Phalaris arundinacea in-
dicator species for Group 2 and Agrostis stolonifera, Juncus effusus and
Persicaria hydropiper indicator species for Group 3. Separation between
groups 4 and 5 is based on the occurrence of Phragmites australis, while
Bolboschoenus maritimus is the indicator species for separation into
groups 6 and 7.

Reed beds dominate the northern portions of the Pentood marsh,
with the most dominant community (85) comprising mono-specific
stands of Phragmites australis with nettles occurring on the reed bed
margins. More diverse communities of reeds were also found, some
with creeping herbs (e.g. 84), and one comprising a mixture of bulrush
and reed (e.g. 11). In community 20, occupying most of the non-
woodland portion of Rosehill Marsh, the reed bed was characterised
by several ruderal species suggesting recent disturbance or environ-
mental change.

The southern portion of Pentood Marsh is more diverse, with a mix-
ture of wet woodland and meadow (4), semi-permanent marsh (24)
and seasonal to permanent marsh dominated by creeping herbs and
rushes (25). Toward the Teifi River, plant communities are often
characterised by the occurrence of salt tolerant oraches and/or
Bolboschoenus maritimus (e.g. 7 and 43).

Salt and moisture tolerance for each plot was calculated using
Ellenberg values from the Online Atlas of the British and Irish Flora
(2013). For each vegetation plot, the percentage of plant species com-
bined with the degree of tolerance was used to create a single score.
There is strong variation between communities based on the moisture
and salt tolerance of vegetation in each. Community 43, occurring in a
restricted area adjacent to the junction of the Afon Piliau and the Teifi
River is the most salt and moisture tolerant, while communities 85
and 7 are also relatively salt tolerant. In contrast, the least salt andmois-
ture tolerant communities are 4 and 13.

3.1.2. Sediment, hydrology and geomorphology
The organic content of surface sediment increases from south to

north across the wetland. In the south, even where soil hydroperiods



Fig. 4. Plot-based TWINSPAN vegetation classification. Eigenvalues for each split are shown in italics.
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(defined by soil matrix chroma data) indicate a high degree of wetness,
organic contents remain relatively low. Furthermore, organic contents
appear to be enhanced along the eastern edge of the Cardi-bach railway.
This suggests that peat accumulation may be controlled by the occur-
rence of a depression in which peat can accumulate without
disturbance.

Surface sediments are coarser toward the north, and finer toward
the south along the Afon Piliau. Sediments in Rosehill Marsh tended to
be slightly coarser than those of Pentood Marsh, suggesting that the
Teifi River may occasionally deposit sediment in the Rosehill Marsh. In
contrast, the Pentood Marsh is protected from deposition from the
Teifi River by the railway embankment.

Sediment cores indicate that organic accumulation is relatively re-
cent across most of the PentoodMarsh, with high organic contents gen-
erally restricted to the top 10 cm. Toward the Teifi River, organic
contents usually exceeded 20% up to depths of 3.5 m, as indicated by
TC 3 and 4. In TC 3, organic material appeared to tail off toward the
base of the core at almost 5 m. In cores TC 1 and 2, it is likely that sedi-
mentation rates are extremely low due to the small catchment of the
Afon Piliau, which does not carry very much sediment (most rivers/
streams draining British upland environments are supply-limited for
sediment due to hard-rock lithology, moderate rainfall and/or dense
vegetation cover; Newson and Large, 2006). Active sedimentation is
currently limited to organic accumulation and is restricted to the north-
ern portions of themarsh. Radiocarbon dating of core TC4 indicates that
organic accumulation has occurred in the Rosehill Marsh for at least the
last 4500 years (Table 1) at an average accretion rate of 0.87 mm·yr−1.

In core TC1, the sedimentary sequence fines toward the top, suggest-
ing reducing sediment availability from the catchment of the Afon
Piliau. In contrast, cores TC2 and TC3 there is a slight upward coarsening
trend, suggesting occasional sediment inputs from the Teifi River in the
past.

3.1.3. Benthic invertebrate community in the Teifi Estuary
The benthic invertebrate fauna along the Teifi Estuary changes sig-

nificantly from an impoverished, species poor estuarine benthic com-
munity (B3 and B4) to one increasingly dominated by freshwater
species (B5). Environmental conditions changed with increasing dis-
tance from the mouth of the estuary. Salinity was significantly correlat-
ed with distance (R2 = −0.85) and decreased from 13.45 at B1 b 1 at
sites 3, 4 and 5 (Fig. 1). Surface water temperature decreased from
15.4 at B1 to 14.5 °C at B5. Surface sediments fined up the river, with
over 80% silt and clay at B3 to B5, compared to 66% and 13% at sites B1
and B2.

Therewas a significant difference between the benthic infauna com-
munity structure at all sites along the Teifi estuary and river, with the
exception of sites 3 and 4 (Fig. 5; PERMANOVA Pseudo-F = 16.1, P =
0.0001; pair-wise test all P b 0.05 except comparison groups 3, 4 with
P = 0.078). The similarity of samples within sites was greatest at B1
with 90.2 and decreased to 59.9 at B5. This suggests an increasing spatial
patchiness in the benthic community upriver.

Ninety-twopoint eight % of the variation in the community structure
between sites could be explained by the predictor variables ‘distance
from mouth of estuary’, ‘% sand’ and ‘% clay and silt’ (DistLM). The
model was visualised by dbRDA where axes 1 and 2 explained 99.6%
of the variation of the fitted model and 92.4% out of the total variation
(Fig. 5). ‘Distance from the mouth of the estuary’ alone explained 51%
or the variation (DistLM, forward selection, Pseudo-F 3.1, P = 0.04).



Table 1
Radiocarbon dating results determined by Atomic Mass Spectrometry (AMS) of peat.

Laboratory sample name Field sample name Material Depth (cm) Measured age 13C/12C Conventional age 2 sigma calibration

Beta-332678 TC4-49 Peat 106–108 980 ±30 BP −26.2 o/oo 960 ±30 BP Cal 1020 CE to 1160 (Cal BP 930 to 790)
Beta-332679 TC4-96 Peat 200–202 1320 ±30 BP −27.3 o/oo 1280 ±30 BP Cal 660 CE to 780 (Cal BP 1290 to 1170)
Beta-332680 TC4-155 Peat 345–350 4000 ±30 BP −24.5 o/oo 4010 ±30 BP Cal 2580 BCE to 2470 (Cal BP 4530 to 4420)
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Species richness was low with 4.3 ± 0.5 species 0.01 m−2 (mean±
sd) at themouth of the estuary and an average of ≤3 species 0.01m−2 at
all intertidal mudflats bordering the TeifiMarsh. B1 at themouth of the
estuary was characterised by the mud-shrimp Corophium volutator, oc-
curring in densities of 137 ± 58 individuals 0.01 m−2 (mean± sd), re-
duced to 50 ± 33 individuals 0.01 m−2 (mean ± sd) at B2 and absent
from the all other sites. Similarly, the spionid polychaete Streblospio
benedicti was present at B1 and 2 with densities of 5.0 ± 3.0 and
0.8 ± 1.3 ind. 0.01 m−2 respectively, but absent at sites further up the
river. Two species occurred at almost all sites: themarine and estuarine
polychaete Hediste diversicolor and the freshwater oligochaete
Limnodrilus hoffmeisteri. Densities of H.diversicolor decreased from
28.8 ± 8.3 ind. 0.01 m−2 at B1 to 3.0 ± 2.2 ind. 0.01 m−2 at B4, and
was absent at B5. In contrast densities of L.hoffmeisterimore than dou-
bled from 43.2 ± 14.1 ind. 0.01 m−2 at B1 to 102.2 ± 57.0 ind.
0.01 m−2 at B5. In addition to the freshwater oligochaete, B5 was
characterised by insect larvae of mosquitos (Aedes sp. 18.5 ± 16.9 ind.
0.01 m−2) and diptera (Chironomid sp. 12.0 ± 19.4 ind. 0.01 m−2).
Two larvae, ammocoetes, of the lamprey Lampetra fluviatilis were also
found in the sediment samples.

3.2. The present: current relationship between wetland vegetation, benthic
communities, hydrology and geomorphology

3.2.1. Salinity and moisture gradients and plant communities
Salt and moisture tolerance indices developed from vegetation data

were considered a more reliable estimate of long term salinity fluctua-
tion than conductivity measurements of ground- and surface water
taken during the field visit. These measurements were highly variable,
probably because of the impact of recent rainfall and differences in
soil porosity. In the absence of a long-term monitoring study, salinity
and moisture tolerances for each plot were used to interpolate a trend
across the Teifi Marsh (Fig. 6). Interpolation of any kind is not ideal, as
it does not take into account controls other than distance between posi-
tions and the variable's value at that position. Nevertheless, Fig. 6 does
Fig. 5. (a) Similarities of the benthic infauna community structure from the Teifi estuary to the
sampling positions (100 cm2 core samples, n = 6). (b) Relationship between Teifi benthic c
(dbRDA) ordination for the fitted distance-based linear model (DISTLM) based on Bray-Curtis
provide a useful indication of salinity and moisture gradients across
the wetland.

Assuming vegetation salt tolerance is an indicator of salinity encoun-
tered at each position, it is apparent that salinity decreases with dis-
tance from the Teifi River. More surprisingly, it is clear from the plot
that salt water does occasionally intrude up the Afon Piliau during
high tides, and that low-lying areas around the lower Afon Piliau have
more salt tolerant vegetation than portions of the Pentood Marsh up-
stream, which is a palustrine system. In Rosehill Marsh, sites located
close to the tidal creek also experience more saline conditions although
the intrusion of salt water is limited in extent. This suggests that al-
though Rosehill Marsh is tidal, it is not necessarily saline. Intrusions of
concentrated sea water are probably infrequent, requiring a combina-
tion of low river flows and extraordinarily high tides.

The wettest areas of the wetland are those that experience back
flooding from the Teifi River, such as the upper tidal creeks of Rosehill
Marsh. The lower western portions of the Pentood Marsh are also ex-
tremely wet as sub-surface flow is impounded by the railway embank-
ment. Moisture indices are related to elevation (R2 = 0.346 P b 0.05) as
would be expected. Lower elevations are closer to the geomorphic base
level set by sea level and the Teifi River, and these elevations are most
likely to be flooded either by impoundment or variation in sea and/or
river level.

Communities 43, 85 and 7 are associatedwith highmoisture and sa-
linity levels. All are geographically connected to the Teifi River, either
via tidal creeks, the Afon Piliau, or are next to the river. Communities
4 and 13 represent the other end of the scale – these communities con-
sist primarily of species that are not salt tolerant and experience lower
levels of inundation being located in upstream environments, typically
at the break of slope between hill and valley. There is a range of environ-
ments between the two that all experience high levels of inundation, as
indicated by soil type and vegetation moisture tolerance, but salt toler-
ance is typically low. This includes communities 24, 11, 84, 20 and 25.
These communities are frequently the most diverse in terms of vegeta-
tion species, and create a patchwork of varied habitat in a relatively
Teifi Marsh 4 km upstream. MDS ordination of Bray-Curtis similarity; comparison of five
ommunity and environmental predictor variables. Distance-based redundancy analysis
similarities, versus sediment properties and distance from Teifi estuary.



Fig. 6. Kriged interpolation of salt tolerance and moisture tolerance indices for vegetation plots.
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small space. These vegetation types are clustered toward the southern
end of Pentood Marsh.

The mechanism of separation of salt tolerant and freshwater species
in space has been described by Crain et al. (2004). Freshwater plants
typically cannot grow in more saline environments, and are limited by
physical factors. Contrastingly, salt tolerant plants frequently grow bet-
ter in freshwater environments, but struggle to compete with freshwa-
ter plants for space and nutrients. They are excluded from freshwater
environments by biotic rather than physical factors. To achieve a shift
in plant communities in an estuarine marsh, salinity and would have
to reach toxic levels for freshwater plants, allowing the inland expan-
sion of salt tolerant communities.

However, Dunton et al. (2001) have shown that small inter-annual
shifts in vegetation communities may occur due to variation in rainfall.
An increase in rainfall can lead to an increase in less salt tolerant species
at the expense of more salt tolerant species. Contrastingly, prolonged
dry spells may have the opposite effect.

3.2.2. Peat formation and the growth of reed beds
The primary peat former in the Teifi Marshes is P. australis, and as

confirmed by dated peat deposits and plant fossils in Rosehill Marsh, it
has been for the last 4000 years. However, the extent of peat formation
has changed in the last few centuries. Rosehill Marsh has substantial
peat deposits. In contrast, deposits in the Pentood Marsh are limited to
amaximumof 0.50m,whereas depths of ~0.20m are the norm. Assum-
ing a constant rate of accumulation across themarshes, peat deposits in
Pentood Marsh are b250 years old. This suggests that the formation of
reed beds in this portion of the wetland is relatively recent, and that
prior to this, reeds were limited to the adjacent Rosehill Marsh.
An expansion of P. australis in tidal wetlands has been described
across the northern hemisphere. Chambers et al. (1999) report that
the relative abundance of the species in tidal wetlands of North
America has changed dramatically over the last 200 years. In marshes
surrounding Chesapeake Bay, an overall increase in the species was
mapped over the last century (Rice et al., 2000). One of the major con-
cerns with expansion of P. australis reed beds, is that biodiversity is fre-
quently reduced as assemblages of native plants are replaced
(Chambers et al., 1999). However, it has been shown that ecosystem
service provision (e.g. prevention of soil erosion, enhancement of
water quality and support of higher trophic levels) does not decline if
tidal flooding regimes are maintained.

Several reasons have been proposed for the sudden expansion of
P. australis at the expense of other species, but the most likely cause in
the UK is a change in environmental conditions to ones that are more
conducive to growth. Where water flow is unimpeded, P. australis is
usually restricted to the high marsh or upland fringe in tidal wetlands
as it is limited by various environmental stressors (Chambers et al.,
1999, Clevering, 1997). When the effect of salinity and sulphides is re-
duced, it may become extensive throughout brackish wetlands. Accord-
ing to Chambers et al. (2003), the invasion and spread of P. australis by
seed germination and growth from rhizome fragments is limited to
areas where salinity is b10‰, sulphide concentrations are below
0.1 mM and flooding frequency is b10%. Thus, P. australis reed beds, al-
though tolerant of salt water, will eventually die back if salinities in-
crease to marine levels. However, they are more tolerant of rising
salinity levels than many of the marsh plants present toward the head
of Pentood Marsh. Furthermore, P. australis is more tolerant of varying
water levels. Meyerson et al. (2000) found that stem density of
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P. australis was higher in tidal than non-tidal settings, irrespective of
water salinity.

Chambers et al. (2003) speculated that one of the main reasons for
the broad-scale expansion of P. australis in tidal wetlands could be relat-
ed to nutrient supply. While P. australis is a poor competitor for below
ground nutrients in saline environments, it as an aggressive coloniser
that may successfully out-compete other native plants if the wetland
is not nutrient limited.

In the absence of mineral soil accretion in the Teifimarshes, the for-
mation and preservation of peat is themost important geomorphic pro-
cess currently taking place. Ongoing peat accumulation creates
topography, and over time, peat beds become elevated above the
water table. The frequency of ruderal species and the apparent dryness
of thewetland surface in Rosehill Marsh suggest that thewetland is cur-
rently elevated above thewater table. If desiccation becomes severe, the
peatland surface may be naturally lowered by fire (i.e. burning of the
peat), by oxidation (aerobic digestion of organic material) or by com-
pression. Over centuries there may be a natural cycle of peat accumula-
tion to lift the wetland out of the water table, desiccation, lowering of
the peat surface, followed by conditions once again becoming suitable
for peat formation.

In a scenario where the water table is constantly raised, such as in a
tidal wetlandwhere sea level is rising, this cyclical process is likely to be
stunted. Instead, ongoing sea level rise will keep the peatlandmoist and
the accretion of organic sediment may be permanent. As Kirwan et al.
(2010) suggest, the effect of inundation on plant growth and organic ac-
cretion may allow marshes to survive conservative projections of sea
level rise. At low rates of sea-level rise, organic accretion can maintain
peatland elevation relative to sea level, preventing complete
inundation.

3.2.3. Benthic invertebrate community in the Teifi Estuary
The benthic invertebrate fauna along the Teifi Estuary showed a typ-

ical change in composition adapting to a salinity gradient from brackish
waters to a freshwater community further up the river (McLusky et al.,
1993).

Both salinity and temperature correlated significantly with distance
from the mouth of the estuary, and it was not possible to disentangle
which of the factors, or their interaction, drove the change in thebenthic
community. However, the nature of the species contributing to the
change suggests that salinity was the most important factor: species
such as themud-shrimp C. volutator and the spionid S. benedicti typical-
ly occur inmarine and estuarine conditions, while insect larvae indicate
freshwater conditions. The results suggest that the tidal mudflats bor-
dering the Teifi Marsh currently represent the transition zone from a
fringe estuarine community to a fully freshwater driven ecosystem.
The zone was species-poor with the oligochaete L. hoffmeisteri being
by far the most common species. The ecological importance of the
area is heightened by confirming the presence of lamprey larvae
ammocoetes in the mud flats. The sampling method was not appropri-
ate for assessing the abundance of ammocoetes, and their numbers in
the tidalmudflats of the TeifiRiverwere certainly underestimated. Lam-
preys are protected under the EC Habitats Directive (1992) and their
presence indicates that the mudflats bordering the Teifi Marsh may be
a breeding area for the species (Goodwin et al., 2008).

4. Discussion: how might the Teifi estuary wetlands change as sea
levels rise?

4.1. Forecast levels of inundation and peat formation through model
simulations

In all simulations, the extent of peat formation increased with rising
sea level as a result of the slope of the TeifiMarshes relative to thewater
table (Figs. 7–9). The simulations suggest that carbon sequestration
through peat formation will be enhanced for at least the next
200 years. Eventually, water may become too deep and saline for
P. australis growth, resulting in localised dieback at the fringe of the
Teifi River. This is unlikely to occur within the next 200 years.

Although Kirwan et al. (2010) suggested that peat accumulation
could potentially keep up with conservative amounts of sea level rise,
this is impossible in the TeifiMarshes. Current rates of sea level estimat-
ed from gauges and corrected for isostatic movement, exceed rates of
marsh accumulation by over 200%. The averaged rate of peat accretion
in Rosehill Marsh is 0.87 mm·yr−1, while current rates of sea level
rise at Newlyn, Fishguard II and Milford Haven are 2.3, 4.1 and
7.3 mm·yr−1 respectively. Long term projections for sea level rise at
Cardiff are between 5 and 7 times the rate of peat accretion.

When sedimentation is dominated by organic accretion, it appears
unlikely it can keep upwith the pace of sea level rise in any climatic set-
ting. In a similar blocked-valley lake wetland in sub-tropical southern
Africa, the rate of organic accumulation is 1.3 mm·yr−1 (Grenfell
et al., 2010). This suggests that even at higher rates of growth due to in-
creased temperature, the Teifi marsh would be vulnerable to even low
estimates of sea level rise. Indeed, Kirwan et al. (2008, 2010) conclude
that under scenarios of more rapid sea level rise, such as those that in-
clude ice sheet modelling, most tidal marshes will likely submerge
near the end of the 21st century.

As expected, the extent of flooding atmean sea level up the course of
the TeifiRiver increases as sea level rises. In the lowestimate simulation,
the upper limit of intrusion at mean sea level migrates upstream by
~250m in 200years. In thehigh estimate simulation, the same intrusion
is achieved in 175 years. Increased flooding is most noticeable in the
tidal flats of Rosehill Marsh, but increases in sea level also propagate
up the Afon Piliau. In the short term, this will lead to increased flooding
of the Pentood Marsh as freshwater from the Afon Piliau becomes
impounded.

Model simulations of changes in mean high water neap and spring
tides provide an indication of the frequency of inundation. Areas
below neap tide level will be flooded daily during every flood tide,
while areas between the spring and neap flood tide level will be flooded
to varying degrees of frequency depending on elevation. However, areas
that are inundated during flood tides will not necessarily be flooded by
saltwater. Freshwater from the Afon Piliau will be impounded, and the
exact nature of mixing of salt- and freshwater will depend on the flow
regime of both the Teifi and Piliau rivers.

Changes to the extent of inundation at neap and flood tides may be
dramatic as sea level rises (Figs. 10-12). The output from the low esti-
mate sea level rise simulation at 25 years from 2010 is most similar to
the current situation. In this simulation, it can be seen that at MHWN,
saltwater intrudes only up the deepest portions of the Afon Piliau, and
is probably tempered by freshwater flow from the Pentood Marsh.
The tidal flats of Rosehill Marsh are usually inundated during neap
floods, but the extent is limited to sand flats and creeks within Rosehill
Marsh only. Some portions of Rosehill Marsh are not inundated even at
MHWS – these areas correspond to vegetation community 20
(Phragmites australis reedbedwith terrestrial ruderals), which currently
displays signs of desiccation due to elevation above the water table.

In 50–75 years, almost all of Rosehill Marsh is inundated at MHWS
(low estimate, Fig. 10). In 125 years, flooding during MHWN extends
up the tidal creeks of Rosehill Marsh, under the embankment and into
PentoodMarsh for the first time, although this is limited in areal extent.
The entire tidal creek area is inundated at MHWN at 150 years. From
175 years, change is rapid and dramatic. Due to the very low slope of
the wetland, once an elevation threshold is exceeded, large portions of
the wetland become flooded. In low estimate simulations though,
most of the wetland is not flooded by every tide.

Simulations using medium estimates of sea level rise produce rapid
and dramatic changes. PentoodMarsh becomes susceptible to tidal inun-
dation from the Rosehill creeks in 100 years. The entire tidal creek system
of Rosehill Marsh is inundated in 125 years. Between 150 and 175 years,
there is a sudden increase in the extent and frequency of flooding. By



Fig. 7. Inundation by rising sea levels simulated from forecast mean sea level for Cardiff (low estimate). The impact of the changing groundwater table on peat formation is also shown.
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200 years, two thirds of the wetland is inundated during every flood tide.
At high estimates of sea level rise, the tipping point in sudden increases in
flooding is reachedbetween 125 and 150 years. Two thirds of thewetland
is always inundated by flood tides in 175 years.

The simulations suggest an initially slow response to rising sea levels
that may be tempered by river flows from the Teifi and Piliau Rivers.
However, even in the short term, rising sea level will result in increased
inundation as freshwater becomes impounded on the Pentood Marsh.
Over time, the extent of saltwater intrusion will undoubtedly increase
as every flood tide inundates larger portions of the wetland.

The gradual changes in frequency and extent of inundation at flood
tide reaches a tipping point 125 to 175 years from 2010. This occurs
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because of the extremely low slope of the wetland surface. Once a par-
ticular elevation threshold is reached, large portions of the wetland be-
come flooded at every flood tide. At this time, in addition to increased
inundation, saltwater intrusion will certainly become more common.
Fig. 8. Inundation by rising sea levels simulated from forecastmean sea level for Cardiff (medium
4.2. Potential impact of sea level rise on the dynamics of the Teifi Marshes

Plant communities tend to respond quickly to changes in environ-
mental conditions. As sea level rises and the frequency of inundation
estimate). The impact of the changing groundwater table on peat formation is also shown.
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duringflood tides increases, the extent, frequency andmagnitude of salt
water incursion into the Pentood and Rosehill Marshes will also in-
crease. The Rosehill Marsh may respond more quickly to sea level rise
Fig. 9. Inundation by rising sea levels simulated from forecast mean sea level for Cardiff (high e
due to the highly connected nature of its tidal creeks. However, the
PentoodMarshhas a greater diversity of communities andplant species,
and the changes are likely to be more dramatic than in the relatively
stimate). The impact of the changing groundwater table on peat formation is also shown.
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monospecific Rosehill Marsh, although their vegetation communities'
will eventually becoming more similar as their inundation conditions
converge.

Vegetation communities will shift along a continuum of salt and
moisture tolerance as the frequency of salt water intrusion increases.
Fig. 10. Comparison of Mean High Water Neap (MHWN) and Mean High Water Spring (MHW
current mean high water at Cardigan (Town).
There are two potential pathways along which communities may shift
– one dominated by reeds and the second characterised by the occur-
rence of rushes (Fig. 13). Moisture indices suggest that the depth and
frequency of inundation could distinguish between the two pathways.
However, it is possible that other environmental factors that have not
S) inundation levels based on the forecast mean sea level for Cardiff (low estimate) and



Fig. 11. Comparison of Mean HighWater Neap (MHWN) andMean HighWater Spring (MHWS) inundation levels based on the forecastmean sea level for Cardiff (medium estimate) and
current mean high water at Cardigan (Town).
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beenmeasuredmay be important, such as nutrient availability, proxim-
ity to flowing water or groundwater seeps or sediment loads in flowing
water.

The least wet and least salt tolerant communities, representing the
freshwater endpoint of the continuum, are 4 (wet woodland and
meadow) and 13 (wet plantain, herb and daisy grassland). The other
end of the continuum, the most salt tolerant vegetation community, is
represented by community 43 (mixed herb and reed marsh with
minor Bolboschoenusmaritimus). However, additional salt tolerant com-
munities that are currently not represented may occur within the



Fig. 12. Comparison of Mean High Water Neap (MHWN) and Mean High Water Spring (MHWS) inundation levels based on the forecast mean sea level for Cardiff (high estimate) and
current mean high water at Cardigan (Town).
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Pentood and Rosehill Marsh as sea level rises. Furthermore, if water be-
comes too deep during flood tides, it is possible that tidal mudflats may
represent the actual maritime end point of the continuum.

If it is assumed that reed-dominated communities remain reed-
dominated as salt exposure increases, vegetation communities could
potentially follow a pathway from either 4 or 13, to 11 (Mixed bulrush
and reed marsh with herbs), to 84 (Reedbed with creeping herbs), to
20 (Reedbed with terrestrial ruderals), to 85 (Reedbed with nettles on
disturbed margins) to 43. If sea levels continue to rise, tidal mudflats
may be the endpoint under completely maritime conditions.



Fig. 13. Potential pathways of vegetation change as exposure to saltwater increases. Shannon's Diversity Index (H), ameasure of species evenness (EH) and the average number of species
in each plot is provided for each community.
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An alternative pathway exists, resulting in plant communities with-
out reeds, characterised instead by the presence of rushes. In this case, a
vegetation community could change from 4 or 13, to 24 (soft rush, rag-
wort andwillowherbmarsh), to 25 (creeping herb and rushmarsh) to 7
(disturbed orache and Bolboschoenus maritimusmarsh), and then to 43.
In this case, salt marsh communities could potentially represent the end
point.

As sea level rises, plants with very low salt tolerances will become
necrotic and poor competitors for light, space and nutrients. Plants
that can tolerate salt will begin to invade previously diverse freshwater
wetland. If a particular species is sufficiently intolerant, replacement
could occur even if salt intrusion is initially infrequent. Some scientists
have documented inter-annual changes to vegetation communities
due to inter-annual variation in run-off and saltwater intrusion, sug-
gesting the change could potentially be rapid (e.g. Dunton et al., 2001).

Fig. 13 further indicates how wetland diversity may be affected.
Freshwater communities generally have higher plant diversity, and in
addition, individuals of each species tend to be well represented. In
contrast, toward the maritime end of the continuum, diversity and
equitability decreases. The reedbed communities tend to have
lower diversity and equitability than the rush communities at similar
positions along the continuum. Ultimately, an increase in sea level
will result in a reduction in marsh biodiversity, with plant communi-
ties switching toward less diverse and occasionally monospecific
vegetation communities. This is confirmed by studies which have
shown that increases in salinity and flooding reduce seedling emer-
gence even when the seed bank is constant (Baldwin et al., 1996;
Petersen and Baldwin, 2004).

In the long term, there will be an expansion of salt tolerant marshes
and tidal mudflats at the expense of tidal freshwater marsh. Newly cre-
ated saltmarshes are unlikely to be sustainable due to a lack of sediment
supply, and they too will become inundated and convert to tidal mud-
flats (Craft et al., 2009). The benthic fauna currently colonising themud-
flats in the estuary suggests that estuarine polychaetes, oligochaetes
and amphipodswould spread into the freshwatermarsh. Tidalmudflats
are important feeding grounds for birds and nurseries for juvenile fish,
and hence the ecological importance of the area may shift from an ex-
tensive freshwater wetland important for rich plant communities and
their associated fauna, to an expansive brackish-water mudflat with a
productive benthic community providing food and shelter for wading
birds and juvenile marine fish.

However, the benthic community compositionmay change, not nec-
essarily through rising sea levels, but through rising water temperature
and the spread of species currently not colonising the area. The species
compositionmay therefore differ from the current fauna, but due to the
habitat conditions, i.e. copious food supply from the river, sheltered
mudflats, tidal waters, it is plausible that the marsh area will remain
productive. The future of individual species such as the lamprey is un-
certain. Its nursery ground cannot shift further up the river in tandem
with themoving threshold from brackish to freshwater due to the loca-
tion of the Cenarth gorge immediately upstream.

While the loss of tidal freshwater wetland is in line with global pre-
dictions, simulations suggest that in the Teifi marshes the loss will be
slower. For instance, Craft et al. (2009) predicted declines in tidal fresh-
water marsh area of between−2 and 39% by the year 2100. Salt marsh
was predicted to decline by between 20 and 45%. Craft et al. (2009) also
found evidence to suggest that delivery of ecosystem services (e.g. ni-
trogen accumulation in soil, potential denitrification, etc.) would de-
cline. However, our study shows that at least for one ecosystem
service, carbon storage, there is potential for a future increase in the
Teifi Marshes.
5. Conclusion

In this wetland, rising sea levels will result in an irrevocable change
in vegetation communities; it is likely that in the long term, the Teifi
Marshes will be less diverse and increasingly dominated by reedbeds
and tidal mudflats. While there is potential in this case for more diverse
communities to occur further upstream, it is unknown as to whether it
is biologically possible within the time scale involved (i.e. ~200 years).
Although they may usually be monospecific, reedbeds allow carbon
capture through peat production. Furthermore, both reedbeds and
mudflats provide valuable habitat for a variety of animals including
bird species. Model results suggest that change may be sudden rather
than gradual due to the elevation properties of the site. In about
150 years, there is a sudden jump in the proportion of the wetland
that is inundated by every flood tide (Fig. 11). Rising sea levels associat-
ed with climate change will almost certainly result in a loss of biodiver-
sity in the TeifiMarshes, although changesmay not be visible in the next
century.
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