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Abstract
With increasing sea levels and anthropogenic coastal pressure, it is more important than ever to develop coastal zone
management techniques that are based on sound scientific methodologies. In this paper shoreline change rates were
calculated for Port Eynon Bay, Gower, Wales, UK, using a two-step approach (areal and transect-based), to predict
future shoreline position and propose management strategies. A Geographical Information System (Qgis) was utilised
to calculate shoreline position from historical aerial photographic evidence covering a 60-year period (1944–2014).
Results highlighted an increase in the vegetation of 0.41 km2 and a seaward migration of the shoreline (0.3 m/yr.−1);
temporal linear regression models constructed around the cumulative data confirmed a consistent trend of areal
increase and shoreline migration. Wind components were qualitatively linked to shoreline changes. Models created
to predict shoreline position at 10-year and 50-year epochs can be aligned with shoreline management plans and
inform embayed beach shoreline assessments at all scales. A management process model was developed based upon
the application of transect and areal assessments that can be utilised to inform CZM by identifying locations of
vulnerability, enabling management strategy development, that improves resilience under scenarios of sea level rise
and climate change.
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Introduction

Coastal processes and data

In recent times there has been an increase in the number of
studies on beach morphodynamic processes (Cowell and Thom
1994; Thomas et al. 2010; El Mrini et al. 2012; Thomas et al.
2016). Understanding coastal processes is fundamental for ap-
propriate coastal planning and the design and shape of human
constructions (Bird 1996; Short and Hogan 1994; Anfuso et al.
2001; Bilskie et al. 2014; Hanley et al. 2014; Rangel-Buitrago
et al. 2015). Hence, to improve coastal planning practice, it is
important to identify and understand the present and past coastal
processes so that a diachronic approach can help inform present
and future management strategies. However, most coastal loca-
tions have not got the scientific data over a suitable timescale to
engage with this method so proxy indicators, such as aerial im-
agery, have been used to inform management strategies and
adopt resilience concepts to coastal locations.

Many beaches are located in the lee of natural or artificial
headlands that influence beach evolution. Furthermore, they
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often feature shoreline geometry that is described as a zeta, log
spiral or a parabolic curve shape and more than 50% of the
world’s coastlines are representative of this morphology
(Short and Masselink 1999). Embayed beaches are well-
known for the prominent curvature of their shorelines and
are often observed in states of dynamic or static equilibrium
(Carter 1988). They are typically assumed to be influenced by
some physical environmental factors that contribute to
reshaping both the beach profile and plan-form (Short amd
Masselink, 1999; Cooper et al. 2007). These factors include
underlying geology, sediment volume and composition, and
external environmental conditions, such as incident wave
characteristics, i.e., height, period, and particularly direction
(Cowell and Thom 1994; O’Connor et al. 2007; Rangel-
Buitrago et al. 2016). Also, variability can occur at temporal
scales that vary from a few seconds to several years (Carter
1988). These environmental factors determine induced sedi-
ment transport both in onshore/offshore and alongshore direc-
tions (Komar 1971; Rogers et al. 2010). Shelter induced by
beach headlands and nearshore bathymetry further complicate
beach behaviour and the scientific methods needed to inform
management (Benedet et al. 2004; Ranasinghe et al. 2004).
However, erosion and accretion is also affected by coastal
processes and are highly vulnerable to storms. Therefore, cli-
mate change, weather patterns, impacts on coastal defences
and the fate of coastal communities highlight the need for
effective planning and it is vital that data collection and anal-
ysis support management decisions (Thomas et al. 2010).

Coastal planning and data

The shoreline definition for coastal research is often taken to
be the mean high water level (MHWL) (Simm et al. 1996;
Zhang et al. 2002) or vegetation lines (Morton 1991; Boak
and Turner 2005). Shoreline changes are due to natural pro-
cesses, but the associated impacts can be many times in-
creased by human interventions, primarily linked to an inex-
istent or inappropriate coastal planning (Komar and Allan
2008; Jones and Phillips 2011). Shoreline management re-
quires tools that can integrate scientific knowledge of the com-
pound nature of coastal processes (Phillips and Jones 2006)
and yet research shows that science is not always incorporated
into planning decisions (House and Phillips 2012).

In England and Wales, coastal planning is implemented
through the production of Shoreline Management Plans (SMP)
(EA, 2015). These plans recognise that natural processes do not
follow the human defined land-based boundaries of administra-
tive authorities, e.g., County Councils, but are based on natural
boundaries such as sediment cells. In South Wales, this concep-
tual development was promoted by Bullen (1993) and during
2000 and 2001 the first generation of the region’s SMP was
implemented (SBCEG, 2001). The Welsh Government has con-
tinued to promote a policy which encourages all organisations

with interest in the coastline of Wales to work together and for-
mulate policies and plans that will lead to effective economic and
sustainable management of the Welsh coastline. The SMPs are a
vital component of this process and provide critical information
to interested organisations and stakeholders.

Second generation SMPs (2) reviewed and took account of
the latest available information that included climate change
guidance, modifications to environmental legislation and im-
proved understanding of flood and coastal erosion risk man-
agement to provide a long-term sustainable plan for the next
100 years (Halcrow 2010). Consequently, SMP2 considered
how a section of coastline was to be managed over epochs,
e.g., 25 years, 50 years and 100 years to address issues such as
flooding and erosion. Management decisions considered pre-
dictions of climate change consequences linked to socio-
economic use, e.g., coastal tourism, etc. (EA 2015). Hence,
SMP2 introduced the need for long-term coastal planning
which in turn needed valid, coherent and applicable methods
to assess shoreline evolution to inform coastal planning.

This paper assesses long-term shoreline evolution at Port
Eynon, UK (SMP2), expressed through cross-shore migration
and consecutive realignment, utilising the vegetation line as a
proxy shoreline change indicator. Results are compared and
contrasted with historical wind strength and directional data,
to identify cause and effect. Identified long-lasting changes in
coastal processes led to the development of regression models
describing shoreline evolution. These established links and
relationships have consequences for embayed beach manage-
ment strategies within the region, and the approach shows the
application has potential to other coastal locations with similar
proxy data opportunities and planning needs.

Study area

The Bristol Channel on the West coast of The United
Kingdom (Fig. 1a) separates Wales from Southwest England
(Fig. 1b). Port Eynon Bay, South Wales, UK (51°32′43″N
4°12′54″W; Fig. 1c), is located on the peninsula that separates
two large sweeping embayments, Swansea Bay to the east and
Carmarthen Bay to the west. The region is characterised by
cliffs and pocket beaches formed as a consequence of the
erosion of mudstone-rich Carboniferous coal measures
(Halcrow 2010). As such, the study area is located between
two Carboniferous Limestone headlands that rise approxi-
mately 60 m above Ordnance Datum (AOD), the distance
between headlands being approximately 1.5 km. The embay-
ment profile is shallow and concave, with a wide (circa 300m)
sandy intertidal zone. Bordered with an unstable and dynamic
dune system, accepted longshore transport is limited and west
to east in direction (SBCEG 1999; Fig. 1d).

Semi-diurnal and macrotidal, this swell dominated coast-
line has a mean spring tidal range of 8.1 m, with a Mean High
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Water Spring Tide level (MHWST) of 5 m (AOD). Incident
offshore waves predominantly approach from the southwest
with an average wave height of circa 1.2 m and associated
mean periods of 5.2 s (Thomas et al. 2012). However, storm
waves of 7 m, with periods of 9.3 s make up 5% of the wave
record (Rangel-Buitrago et al. 2016). Longshore drift is influ-
enced by heavily refracted south-westerly Atlantic swell
waves which undergo diffraction as they encounter Port
Eynon Point Headland (Fig. 1d). Between November 2013
and March 2014, a total of 32 storms (average hs > 3.4 m)
were recorded generating average waves that reached 4.7 ±
1.26 m with associated periods of 7.9 ± 1.00 s, some waves
reaching 9.3 m with periods of 12 s.

Port Eynon is recognised for its scenic beauty and was
designated the first Area of Outstanding Natural Beauty
(AONB) in the UK in 1956 (Robinson and Millward 1983).
Furthermore, the bay is a designated a Heritage Coast
(Swansea.gov.uk 2017) and includes four Sites of Special
Scientific Interest (SSSI), the South West Wales Special

Area of Conservation (SAC) and two Wildlife Trust nature
reserves. The area is regionally important for seabirds, lime-
stone grassland flora and notably its rocky shore, beach and
relict dune grassland. Additionally, the bay is significant for its
intertidal zone, pelagic birds and is an important roosting site
for winter visiting waders (Wildlife Trust 2016).

The coastal management of the study area is princi-
pally based on its importance to tourism and environ-
mental designations coordinated by the City and
County of Swansea (CCS). Many management strategies
within the area are focused on maintaining Blue Flag
status (since 2004). Research shows that the main attrac-
tion is Ba beautiful beach, a family beach, a long stay
beach^ and therefore the understanding of beach process-
es will be a determining factor in the area’s economy
(The Tourism Company 2015: 24). Hence, the under-
standing and management of beach processes is a prereq-
uisite to the future tourism and conservation value of the
area (Phillips and House 2009).

Fig. 1 Locality of the study area: (a) United Kingdom; (b) Bristol Channel; (c) Swansea Bay and the Gower Peninsula and d) aerial photograph
(Ordance Survey) showing Port Eynon Bay
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Methodology

Shoreline change modeling

Assessing coastal evolution, and associated shoreline surveys
are crucial to the development of suitable management strate-
gies (Anfuso et al. 2011). Long-term beach change rates are
traditionally estimated by analysing aerial photographs, his-
torical maps and various forms of topographic survey tech-
niques (Zhang et al. 2002; Sorensen 2006). Standard vertical
air photographs employed for photogrammetric measurement
of land topography are frequently used in coastal studies
(Moore 2000; Sorensen 2006). Within the region of this re-
search, Thomas et al. (2010), Thomas et al. 2013 and Thomas
et al. 2016) utilised historical aerial photographs to identify
long-term (post World War II) coastal change influenced by
wind shifts that caused shoreline displacement resulting in up-
drift erosion, down-drift accretion and subaqueous loss
around the down-drift headland. A fundamental consideration
for mapping change is the shoreline proxy indicator.
Furthermore, an ideal position indicator is one that is easily
identified both in the field and on aerial photographs (Zhang
et al. 2002; Leatherman 2003; Parker 2003; Boak and Turner
2005). Douglas and Crowell (2000) argued that uncertainty in
shoreline position data depends on accuracy and precision of
survey measurements together with the stability of shoreline
position indicators. It is critical that any uncertainty in shore-
line position is properly accounted for, to statistically test for
shoreline change signals (Ruggiero et al. 2003).

This study used aerial photographic evidence to assess
morphological change between 1944 and 2014. Nine aerial
photographs, all geo-rectified in a Geographic Information
System (Qgis®) to the British grid reference systemwere used
to extract shoreline position (Table 1). Errors in aerial photo-
graphs can be of the order of 7.5 m - 8.9 m caused by distor-
tion and the digitizing process itself (Crowell et al. 1991;

Douglas and Crowell 2000). Root Mean Square Error
(RMSE) was calculated using RMSE = [(∑(Nc –Nt)

2 +∑(Ec
–Et)

2)/n]1/2, where; Nt and Et are calculated coordinates from
the photo transformation. Nc and Ec are control coordinates,
and n is the total number of data points. Table 1 shows respec-
tive source document scales and RMSE values. The average
RMSE error for the aerial photographs was 6.75 m. Similar to
Thomas et al. (2010, 2014 and 2016), distortion error was
mitigated using 600 dpi images, and digitizing errors were
assessed for accuracy using RMSE (see Maune 2007 for a
theoretical interpretation). Subsequently, survey control points
were established with an average of 200 readings taken at
every control point. Horizontal and vertical control was
achieved using GNSS with data derived directly from the
OS Net. The surveying equipment comprised of a Geomax
Zenith 25 receiver capable of acquiring data horizontally at
±10mm1 ppm (rms) and vertically at 20mm±1 ppm (rms). A
receiver housing a SIM card and Q-lock, satellite tracking
technology, was mounted on top of a 2 m pole.

In line with the seminal works of Morton (1991), the veg-
etation line was chosen as the shoreline change indicator, as
this could be identified on all aerial photographs and is valu-
able for investigating long-term trends (Boak and Turner
2005; Thomas et al. 2010 and Thomas et al. 2016). The cor-
responding extracted shoreline position was imported into the
Regional Morphological Analysis Programme – RMAP (see
Morang et al. 2009 for theoretical interpretation and Thomas
et al. 2010, 2012 and Thomas et al. 2016 for practical
applications). RMAP is a module within the Coastal
Engineering Design and Analysis System (CEDAS), where
inter-survey and cumulative shoreline changes can be evalu-
ated. Temporal change analysis was achieved using the 1947
shoreline position as a proxy baseline. The shoreline positions
measured from aerial photographs were extracted along 15
theoretical transects (T1-T15), spaced approximately 100 m
apart (Fig. 2). Linear regression analysis was used to deter-
mine both transect, and areal based temporal changes. This
methodology has been successfully applied in other studies
worldwide. For example, Douglas and Crowell (2000), Short
(1999) and in the immediate region of study by Thomas et al.
2010 and Thomas et al. 2016. Mostly, transect variation was
assessed by 15 shoreline signals and areal change by the var-
iation in the area between these transects.

Wind data characterization

Waves play a major role in coastal flooding and sediment
relocation (Komar 1998) and along with their directional com-
ponents are used as direct input into coastal engineering or
coastal zone management calculations (Turki et al. 2013).
The wind is a significant influence in beach-dune sediment
interactions and may increase mean water level during storm
conditions. Even though this component is the underlying

Table 1 Aerial photographic source document scales and RMSE results
after digitising

Year Root mean
square error (m)

Scale

1944 14.0 1/10,000

1947 1.7 1/10,000

1969 7.0 1/10,000

1981 5.6 1/10,000

1992 11.0 1/10,000

1994 8.1 1/10,000

1999 5.3 1/10,000

2006 5.4 Digitised 40 cm resolution

2014 2.6 Digitised 40 cm resolution

Average 6.8
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cause of most sources of coastal flood and erosion risk, data is
rarely considered (Rogers et al. 2010). In the present region of
study, storm strength (wind speed and direction) was correlat-
ed to erosional events (Thomas et al. 2010), but this work did
not establish that wind was the primary cause of erosion.

Within the region of study, synthesised wind and wave time
series from numerical meteorological models that were suit-
able to be input into wave prediction models, have only re-
cently been made available. However, wind speed and direc-
tional data from the early 1940s were available and obtained
from the UK Meteorological Office, enabling direct compar-
isons to be made between shoreline change and these environ-
mental forcing agents. Offshore wind speed and direction data
were captured at approximately 3-h intervals at a point

southeast of the study area (51°24′00^N; −5°00’00’W).
Some of the early data was missing; the dataset contained
circa 147,000 independent values.

Results

Area of change

Table 2 shows the inter-survey, and cumulative areal changes
between 1944 and 2014 and inter-survey results demonstrate that
there was a landward shoreline migration from 1947 to 1969,
1994 to 1999 and 2006 to 2014. That was compensated by
seaward shoreline migrations, with the most rapid excursion

Fig. 2 An aerial photograph (Ordance Survey) depicting the 15 transects (red lines) from which shoreline change was assessed

Table 2 Area changes between
1944 and 2014 Timescale Area (km2) Inter-survey areal

change (km2)
Cumulative areal
change (km2)

1944 5.34

1947 5.40 0.06 0.06

1969 5.24 −0.17 −0.11
1981 5.35 0.11 0.00

1992 5.79 0.45 0.45

1994 5.85 0.06 0.51

1999 5.84 −0.02 0.49

2006 5.87 0.04 0.53

2014 5.75 −0.12 0.41
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occurring between 1981 and 1992 (0.447km2), culminating in an
overall advancement of 0.41km2 over the 60 year assessment
period. Regression models constructed from Table 2 data, show
that there was no correlation between inter-survey areal change,
indeed the regression equation (y = 0.00× + 0.292; Fig. 3a) ex-
plained none of the data variation (p> 0.05).

However, this result is not surprising as other regional stud-
ies demonstrate similar results (see for example Thomas et al.
2011). When cumulative values were assessed, a positive re-
lationship exists and is indicative of a temporal areal increase
given by the regression equation y = 0.009× + 18.32, (Fig. 3b)
and an R2 value that explains 60% of data variation that is
statistically significant at 99% confidence (p = 0.00). The lack
of correlation between inter-survey areal change and time
(Fig. 3a) can be interpreted as constant areal change. Hence,
the rate of change is not varying in time. This statement is
supported by a linear increase in cumulative change, as dem-
onstrated by Fig. 3b.

The inter-survey areal changes superimposed upon the
2014 aerial photograph (Fig. 4), show a lack of vegetation

around the beach access, probably caused by dune trampling.
Change in this area is highlighted by relative seaward migra-
tion during the period 1981–1992. Further east in the central
part of the bay there was also a seaward migration and areal
increases that mostly occurred between 1961 and 1992.

Shoreline rates of change

Table 3 extrapolated fromRMAP shows both inter-survey and
cumulative shoreline change rates for the period between
1994 and 2014. Inter-survey results demonstrate that the
shoreline advanced 1.0 myr−1 between 1944 and 1947 and
this culminated in an overall increase of 2.6 m. There was a
reversal in trend over the subsequent 22 yrs. to 1969, where
the shoreline migrated landward by 5.9 m (0.3 m yr.−1). There
then followed a period of recovery, where shoreline change
rates increased consistently, from 0.4 myr−1 to 2.5 myr−1, cul-
minating in an overall shoreline migration of 33 m. A reversal
in mean trend showed the shoreline migrating landward
1994–1999 and 2006–2014 by 3.5 m (0.7 m yr.−1) and

Fig. 3 Graphical representations
depicting 1944–2014, a) inter-
survey areal change and b) cu-
mulative areal change
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5.17 m (0.7 m yr.−1) respectively, and in between these pe-
riods, the opposite was true with a seaward migration of the
shoreline by 6.6 m (1.0 m yr.−1). The cumulative results con-
firm an overall seaward shoreline migration during the assess-
ment period of 21 m representing an annual increase of
0.3 m yr.−1. However, results show relative landward shore-
line migration between 1944 and 1981 of 0.1 m yr.−1 (3.2 m).

Regression models, constructed from the data of Table 3
show similar results to areal change models, albeit that inter-
survey results show positive correlation indicative of increas-
ing change (as opposed to a negative areal trend). This was
given by the regression equation y = 0.014× + 25.44, and an
R2 value that explained almost none of the data variation

(p > 0.05; Fig. 5a). Similarly, the cumulative results show a
positive trend, but with greater statistical significance given by
the regression equation y = 0.437× – 856.3 and an R2 value
that explained more than 60% of data variation (p < 0.00; Fig.
5b). Similar to previous areal analysis (Fig. 3) the lack of
correlation between inter-survey shoreline change rates and
time (Fig. 5a) can also be interpreted as constant. Hence, the
rate of change is not varying in time. A negative correlation
indicative of decreasing shoreline change rates with time was
highlighted by the model constructed from cumulative shore-
line change rates, and even though the R2 value (p > 0.05)
explains only 11% of data variation; results suggest that the
bay is gradually reaching an equilibrium state (Fig. 5c).

Fig. 4 Areal change polygons superimposed upon 2014 aerial photograph (Ordance Survey)

Table 3 Shoreline rates of change
between 1944 and 2014 Span of shoreline

change
Average Rate
(myr−1)

Average
Change (m)

Span of shoreline
change

Average Rate
(myr−1)

Average
Change (m)

1944–1947 1.0 2.6 1944–1947 1.0 2.6

1947–1969 −0.3 −5.9 1944–1969 0.0 −3.4
1969–1981 0.4 4.9 1944–1981 −0.1 −3.2
1981–1992 2.1 23.2 1944–1992 0.4 17.5

1992–1994 2.5 4.9 1944–1994 0.5 22.9

1994–1999 −0.7 −3.5 1944–1999 0.4 19.5

1999–2006 1.0 6.6 1944–2006 0.4 25.1

2006–2014 −0.7 −5.2 1944–2014 0.3 21.0
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Predicting shoreline evolution

Direct measurements of the shoreline were taken from the
predetermined baseline (Fig. 6) and the results displayed in
Table 4. In order to develop predictive capability, regression

models were constructed for each transect, and the results are
displayed in Table 5. This methodology differs somewhat from
Thomas et al. (2010 and 2016) as these authors averaged the
transect measurements between zones. The data of Table 4 show
a very definite reduction in the coefficient of determination from

Fig. 5 Graphical representations
depicting a) inter-survey shore-
line change rates, b) cumulative
shoreline change rates (m) and c)
cumulative shoreline change rates
(m yr.−1)

322 D. Griffiths et al.



the west towards east and constructed regression models high-
light this variation, which is given by the equation y = 0.032 +
0.612 and an R2 value that explains over 30% of data variation
(p< 0.05; Fig. 7a). A positive relationship also exists when over-
all change is compared with resultant R2. This demonstrates that
the greater the shoreline changes that have occurred the higher
the correlation. This was given by the eq. Y = 0.006 + 0.186 and

a statistically significant R2 that explains over 60% of the data
variation (p< 0.00; Fig. 7b).

Additionally, Leatherman et al. 1997 suggested that to fore-
cast at 10 and 50-year intervals a 100-year dataset would be
required. However, data sets of this longevity are rarely available,
and we contend that assessments can be made using a smaller
temporal dataset on the proviso that all future collected data is
used to inform model refinement. Consequently, the regression
equations of Table 5 were applied to assess shoreline position at
each transect at 10-year (2024) and 50-year (2064) epochs.

The results of this transposition are given in Table 5 and
displayed graphically in Fig. 8. The shoreline at both 10 year
and 50-year epochs remained relatively stable. The most no-
ticeable characteristic of the predictions is a seaward excur-
sion that occurred at transect T4, influenced by rapid vegeta-
tion growth near the western access that was observed in the
1944 aerial photograph. The origin of the distinct lack of
growth is unclear, but anecdotal evidence suggests that the
vegetation was cleared duringWorldWar II training exercises.
In this case, the model assumed continued significant seaward
migration. This is highly unlikely but should bemitigated with
further model refinement when data are made available.

Shoreline changes in relation to wind conditions

Within the region of study, synthesised wind and wave time
series from numerical meteorological models suitable for use

Fig. 6 Vegetation lines from 1944
to 2014 and transect locations

Table 4 Measurements from base line to vegetation line at transect
intersections

Transect 1944 1947 1969 1981 1992 1994 1999 2006 2014

T1 605 607 601 601 596 597 600 604 598

T2 483 471 466 475 477 483 480 486 485

T3 244 243 242 258 286 291 286 283 278

T4 82 81 130 105 185 183 187 196 195

T5 110 115 90 89 145 150 158 168 161

T6 132 130 89 116 132 142 136 137 135

T7 124 130 101 101 134 139 143 140 128

T8 121 137 86 138 148 154 148 154 144

T9 159 165 136 139 169 174 173 178 168

T10 201 205 165 163 206 215 203 219 197

T11 244 251 217 235 258 258 255 258 258

T12 291 302 282 296 323 332 313 320 323

T13 383 393 394 372 387 398 385 392 398

T14 473 481 483 487 475 492 478 488 487

T15 596 593 611 592 584 586 592 595 596
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in qualitative and quantitative assessments, have been avail-
able only since 1986. However, comprehensive sets of wind
speed and directional data were available from the early 1940s
and used to assess shoreline behaviour against these imposed
environmental forcing agents over a historical timeframe.

The seaward excursion of the shoreline (Table 3) took place
between 1944 and 1947 (1.0 myr−1) and occurred when both
direction (0 = 206 ± 16.9°, Fig. 9a) and wind speed (0 = 7 ±
0.97 m s−1; Fig. 9b) were below average. This suggests that
winds predominate from the south toward the east, with a
wind speed reduction as a consequence of the limiting
Bristol Channel fetch. A reduction in shoreline retreat rates
(−0.3 myr−1), was observed between 1947 and 1969 as winds
predominated from a south-easterly direction (negative) in the
early 1950s shifted to a south-westerly one towards the middle
of the decade, returning towards the mean direction of around
210° in the late 1950’s. The highest winds during this
timeframe also occurred during the early 1950s followed by
a period of below average wind speeds. Winds increased, as
wind direction fluctuated above and below the mean from
1969 to 1981. This corresponded with a seaward shoreline
migration, reversing the previous trend (0.4 myr−1, respective-
ly); wind speed and direction fluctuated between negative and
positive values. Wind speed trend was near or below the av-
erage value and the direction was predominantly from the
southeast during two further periods of shoreline advance of
2.1 myr−1, and 2.5 myr−1, (during 1981–92 and 1992–94,
respectively). However, similar trends in wind speed and di-
rection to previous values were observed between 1994 and

1999 but resulted in a shoreline retreat of −0.7 myr−1. The
shoreline returned to advance between 1999 and 2006 (1.0
myr−1) when winds were lower than average, and wind direc-
tion fluctuated between southwest and southeast. Extreme
storms were recorded between late 2013 and early 2014 that
caused erosion along the west and central sectors, i.e., a land-
ward excursion of the vegetation line, contributing to an over-
all frontage loss of −0.7 myr−1, as the eastern sector accreted.
Regional wave data covering the period up until the end of
2013 showed that relatively weak wind speeds predominated,
suggesting that the bulk of the erosion took place during the
January/February storms.

The data of Table 4 data were transformed to characterize
inter-survey changes by beach sector (west, T1-T5/central T6-
T10/east, T11-T15) and compared to wind direction (Fig. 10a)
and wind speed (Fig. 10b). The overall accretionary trend
highlighted in Table 2 between 1944 and 1947 was restricted
to both central and eastern sectors as the western sector eroded
under south/southeast (below average) and less energetic wind
regimes. When southerly wind directions were encountered
under a variable wind speed, there was an increasing trend
within the west sector (circa 2 m) and losses in both east (circa
7 m) and central (circa 38 m) sectors between 1946 and 1969.
Under less energetic wind speed and directions emanating
from the south toward southwest between 1969 and 1981,
there is negligible erosion in the west and east sectors and
accretionary behaviour within the central sector (circa 16 m).
South-westerly wind directions and variable below average
wind speeds resulted in overall accretion in all three sectors,

Table 5 Temporal regression
analysis results by transect Transect Change Regression Equation R2 Signifiance Shoreline position

2014
Predicted
shoreline
position (m)

1944–
2014

2024 2064

T1 −7 y = −0.1073× + 813.77 0.5 <0.05 598 597 592

T2 1.9 y = 0.1426× + 195.71 0.3 >0.05 485 484 490

T3 34 y = 0.7225× - 1164.7 0.7 <0.00 278 298 327

T4 112.9 y = 1.8589–3536.6 0.9 <0.00 195 226 300

T5 50.7 y = 0.9281× - 1708.4 0.6 <0.05 161 170 207

T6 2.4 y = 0.2189× - 306.36 0.1 >0.05 135 137 145

T7 3.7 y = 0.24× - 349.36 0.2 >0.05 128 136 146

T8 23.7 y = 0.4883× - 831.67 0.3 >0.05 144 157 176

T9 9.9 y = 0.275× - 383.05 0.2 >0.05 168 174 185

T10 −3.3 y = 0.1933× - 196.2 0.1 >0.05 197 195 203

T11 13.8 y = 0.2793× - 305.45 0.2 >0.05 258 260 271

T12 31.7 y = 0.4972× - 676.79 0.5 <0.05 323 330 349

T13 15.8 y = 0.0919 + 206.99 0.1 >0.05 398 393 397

T14 14.2 y = 0.1259× + 232.89 0.2 >0.05 487 488 493

T15 0.3 y = −0.0297× + 650.78 0.03 >0.05 596 591 589
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(circa 42 m, circa 34 m and circa 15 m west to east), in south-
ern erosion, contrasted against, northern accretion with central

sectors varying between erosion and accretion throughout
(1981–2006). However, this was permeated by losses within
the central and eastern sector between 1994 and 1999 of circa
4 m and circa 8 m respectively. Under the extreme, south-
westerly storm conditions encountered during the 2013/14
winter both west and central sectors eroded, contrasted,
against accretion in the east.

Discussion

SBCEG (2001) recognised that there was an absence of
synchronised time-series monitoring data which had resulted in
severe constraints on the understanding of shoreline behaviour.
Although numerical modelling and data management techniques
were being used, there had been little progress in advancing the
basic physics of coastal processes. There was a need for coherent
time-series monitoring to enable process trends to be more

Fig. 7 Graphical representations
comparing coefficient of
determination derived from
transect regression models and a)
transect and b) overall shoreline
change

Fig. 8 Graphical representations of the predicted 2024 (green line) and 2064
(red line) shorelines, alongside the measured 2014 shoreline position
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accurately determined, thereby informing the timing and extent
of any interventionworks. Consequently, themonitoring strategy
proposed in SMP1 (first generation SMP) included: annual
ground and aerial shoreline inspections; twice yearly beach pro-
file measurements; and inshore wave monitoring. The ground
and aerial surveys contextualise the setting, while beach profiles
give a level definition of planform and as such, quantitatively
define intertidal zone response to the forcing agents of winds,
water levels, waves, currents and freshwater inputs. These could
then be linked to the more spatially discrete inshore wave mon-
itoring (SBCEG, 2001). SMP1 identified that Port Eynon Bay
could experience significant impacts from sea level rise and
increased storminess, and the current research supports this
view by showing that wind components were qualitatively

linked to shoreline change. Sediment movement resulting from
marine dredging operations, impacts upon coastal processes, and
the real and perceived reduction in beach levels at Port Eynon,
were considered major management issues in SMP1. It
recognised the importance of these sand beaches for tourism
but later work by Phillips (2008) showed that marine aggregate
dredging was not a major contributor to their erosion.
Furthermore, results from this work showed that, except transects
at either end of the bay, temporal linear regression models con-
firmed a consistent trend of areal increase and shoreline advance.

In times of accelerated sea level rise and increasing demands
on beaches to provide defence against flood and coastal erosion,
coastal practitioners need robust and Bhands-on^ approaches that
simplify beach management (Thomas et al. 2016). This paper

Fig. 9 Comparison of Shoreline change rates (Table 2) and normalized (a) wind direction in degrees clockwise from true north, (b) wind speed for the
period 1944 to 2014. Note light grey and negative shoreline change values = erosion and dark grey and positive shoreline change values = accretion
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describes statistical methodologies that may be especially useful
for embayed beach coastal management. From a qualitative
viewpoint, inter-survey change rates varied throughout the 60-
year assessment period but highlighted a relatively stable and
overall accreting shoreline. Much of the observed variation ap-
peared to be centered on the western headland and the access
road to the embayment (Fig. 1d). Anecdotal evidence suggests
that the loss of vegetation in this area was instigated by World
War II maneuvers before the Normandy Landings in 1944, and
the aerial photograph of the same year endorses this evidence.
Recently, vegetation increases are attributed to better manage-
ment of access areas, provision of designatedwalkways, a board-
walk and restricted access to boat owners.

The cause of change in the western sector is easily ex-
plained; however, significant changes were also observed

within the central sector. These changes have been gradual
and consistent throughout the 60 yr. assessment period but
may be explained by an exchange of sediment from the
relatively wide intertidal zone to the dune area. Phillips
(2008) showed that the intertidal zone had eroded, but the
assumption was that the sediment had been displaced offshore
and redistributed to adjacent beaches. This research shows
that the prevailing south-westerly wind regimes may well
have contributed to intertidal erosion that resulted in the pres-
ent day dune accretion within the central area of the bay.

Quantitatively, cumulative results showed accretionary
trends that were statistically significant (p < 0.05) in both areal
and transect-based models (R2 = 60%; Fig. 3b and R2 = 62%;
Fig. 5b). Regression models that were constructed to assess
temporal trends enabled shoreline position to be predicted at

Fig. 10 Comparisons of average inter-survey shoreline changes by beach sector, with normalized (a) wind direction and (b) wind speed for the period
1941to 2014
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10-year and 50-year epochs (2024 and 2064 respectively).
Results should be treated with caution, as an accelerated ac-
cretion rate influenced the linear trends used for the predic-
tions at transect 4 (western access point) and a reducing sta-
tistical significance with eastward migration. However, this
does not diminish the importance of this research that en-
dorses the principle that the developed models can be used
to predict shoreline position at any given temporal epoch.
According to Thomas et al. (2016: 30), Blarge-scale assess-
ments of the UK coastline use standardised epoch timescales,

and these are indoctrinated in all shoreline management
plans.^ When the present shoreline was compared with the
1944 aerial photograph, the west shoreline advanced (0.5
myr−1) and the eastern shore advanced (max = 0.2 myr−1),
while the central sector remained relatively stable advancing
just 0.1 myr−1.

Figure 11 shows an Areal Transect Model (ATM) that details
actions based upon a traffic light system that is founded on this
research but can be applied to other coastal sites. The model
applies bilateral baseline data sets from areal and transect

Key

Category Definition

Change 

within 

acceptable 

limit

The monitoring shows that response of the receptor/location is within the defined envelope 

of baseline variation.  Monitoring will continue and no further action is required.  

Monitoring may be adjusted / cease subject to agreement.

Temporary 

or isolated 

change

The monitoring shows survey period, and if this trend continued, could be of concern.  

Where this is noted, the receptor/locations will be highlighted and monitoring continued 

into the subsequent survey period.  If further monitoring determines that the trigger level 

continues to be breached, further action may be required.

Excessive, 

persistent 

and/or 

repeated 

change

The monitoring shows that response of the receptor/location is at a magnitude outside 

baseline natural variation and/or is persistent/repeated.  Further action may be required 

and analysis of supporting data will be undertaken to determine whether the observed 

changes can be considered to specific causes.  If the cause is determined, a course of action 

should be agreed.  Such action may involve further investigation (e.g. additional survey, 

monitoring) and/or the development and implementation of appropriate mitigation 

measures within a management plan.

Fig. 11 An Areal Transect Model
(ATM) showing potential CZM
action following transect and are-
al based assessments
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assessments to propose action sets based on regular reviews of
the monitoring programme. The model supports the need for
differentiated monitoring data, reviews and programmes to facil-
itate decision making within coastal locations where sediment
budgets are a principal focus of management decisions. ATM
shows schematically how the programme may be integrated into
both shoreline Management and development plans. Baseline
data andmonitoring survey data are gathered and used to develop
trigger levels which in turn applies colour codes to allow street
level bureacrats to adopt a particular course of action. The model
evaluates beach volume and contextualises the data within his-
toric boundaries. A yellow trigger refers to scenarios where
changes in the sediment budget fluctuates both within and out-
side of historically observed ranges. Whereas, a red trigger de-
notes sediment budget changes are outside of historically ob-
served ranges. This could be triggered by either increasing or
decreasing sediment budget trends. If the changes remain within
the boundaries of historic change (i.e. green status) then no fur-
ther action would be required and in some cases, where repeat
surveys also result in green status the monitoring regime may be
adjusted or removed altogether allowing funds to be allocated to
areas of more concern. When supporting data identifies cause of
change there are two scenarios. Firstly, if the data identifies a
natural variation the present monitoring programmes continues.
Secondly, if the data identifies any change being beyond natural
variation, such as human influence, then the outcome should
include additional monitoring to consider full extent of the non-
natural variation and its causes.

Conclusions

Geo-referenced aerial photographs, regression models devel-
oped and graphical representations are relatively simple tools
that can be understood by all stakeholders. Hence, they inform
coastal planning and should be repeated on a wider scale,
especially in areas of risk. This work can help in the develop-
ment of embayed beach management strategies designed to
improve resilience under various scenarios of sea level rise
and climate change. The research confirms the principle that
the developedmodels can be used to predict shoreline position
at any given temporal epoch and therefore inform coastal
strategies. Furthermore, using a two-step approach in the as-
sessment process reduced the likelihood of error and in this
respect differs from most other research that utilise one eval-
uation method. Prediction of future shoreline position by
utilising each of the derived regression models also differs
from previous studies, as most, either amalgamate the results
by beach sector or average the entire dataset.

This research has shown how analysis of aerial photo-
graphs between 1944 and 2014 enabled determination of areal
and transect based shoreline change, which in turn, supports
SMP2 coastal management decisions. Therefore, rather than

being based on uncertainty, it is recommended that resources
should be allocated for analysis of all collected data. The tem-
poral spacing of aerial and a paucity of environment data
(wave height, period and direction), make the assessment of
shoreline change influences difficult to achieve.

Also, the findings have shown that transect based method-
ologies supplemented by areal methodologies are useful for
the development of ICM strategies particularly when assessed
against long-term environmental forcing agents. Therefore,
the policy of hold the line adopted for Port Eynon Bay is likely
to be sustainable as results showed that since 1944 both the
western and eastern shorelines of Port Eynon Bay have ad-
vanced, while the central section has been relatively stable.
Although the findings are founded on the Port Eynon case
study, they show that beach management needs to be based
on local characteristics, sound science, and identified research
agendas should be internalised into action sets that can be
supported by an ATM.

Open Access This article is distributed under the terms of the Creative
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