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Purpose and Status of this Report
This reportaims to provide Resilience and Adaptation Optifmrsorganisations with coastal erosion and flood risk
managementesponsibilityincluding St Andrews Links Trust (SAEf¢ Council (FC), Scottish Environment Protection

Agency (SEPA9ndNatureScot

Structure of Report

This report has been structured to be practitioner focused. It leads with an executive summary and proposed
resilience anddaptationoptions, followedby contextual information and methods within a technical summary,
finishing with key results. The report is expected to be viewed alongside online rescsesethe link below for an

interactive webmap of the results:

Browser link

www.dynamiccoast.com/webmaps.html

Acknowledgements
Euan Loudon, SagdReid and Gordon MoiSt Andrews Links TrQstWest Sands Partnership, Ranald Strachan

(Countryside Ranger, Fife Coast and CountryBidst),Dr Clare Maynard (GreenShores project, University of St
Andrews)and the community volunteenwho haveinvested in theilinks providing thesoundfoundations for

further necessary resilience and adaptatiactionsto maintain the links for the rest of the century.
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Executive Summary
1.

St Andrews Links, as the international Home of Golf, comprises six golf courses supporting 230,000
of golf annually. Theoastal sand dune cordon at St Andrews provides natural erosion and flood prote
to the golf courses and other infrastructure within the kying interior. Historically, the dunes have
grown east and northwards towards the sea, although this has slawer recent decades with some
erosion nhow occurring at several locations.

Since 2010, St Andrews Links Trust together with the West Sands Partnership have worked to enhal
natural protection of the duneidgesand salt marshes within the Eden estyato reduce the flood risk to
the lowerlying links areas.

Updated aerial surveys have identified erosion affecting much of the upper beach on the West Sand)
dzy RSNJ I WR2 y20KAYy3 aO0SylINA2Q S@Sy O dzNI0Redrs. The
Jubilee 8th to 10th holes may be threatened in the next twenty years, along with the access road,
returning the peninsula towards is #&entury extent. Under the same scenario, the Swilcan dunes are
expected to retreat increasing the@sion and flood risks to the Club House car park during the seconc
half of the century.

Recent analysishows much of the dunds be flood resilient, but there remains a current flood risk at t
Swilcan Burn and at several low points in the dasingWest Sands dunes and on the southern Eden
Estuary shore. As sea levels continue to, fiai-weather flooding(i.e. tidal inundationwithout storms) is
anticipated from 2070RainfaHlrelated waterlogging is already being noticed, and is likely to worsiimin
low-lying areas.

St Andrews Links Trust, and the West Sands Partnership have shown commendable leadership by
successfully deploying building with nature approaches which enhance the present links natural floo
protection function. However rising adevel (alongside other factors) is likely to increase the extent an
NI GS 2F SNR&aA2Y® ¢Kdzas SEAAGAYy3I STF2NL& SAff
function to the links within.

Proactive shorerm actions addressing the abe flood risk areas, alongside targeted dune resilience
measures would allow time to develop detailed proposals to manage flood risk over ltmgeperiods.
Such an approach within a flood risk management plan consistent with the adaptive approachesd def
within the Fife Councili®relineManagementilan 2 could provide a flexible adaptive approach for
managing threatened assets within the links. Whilst erosion risks can be mitigated, as sea levels cor
to rise the low ground levels (particularly the Eden & Strathtyrum Courses) are the main points of
weakness which will likely prompt the need for adaptation within parts of the links.

Close cooperation between St Andrews Links Trust, West Sands Partnership & community voluntee

been crucial in the success of resilience and biodiversity improvements; and is vital going forward.
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St Andrews Super Site Summary

Introduction
This report sets outresilience andadaptation options for St Andrews.inks(Fife) and reflects the shared view of

Dynamic Coasind St Andrews Links TrySIALY. Its scope covers thiinksareanorth of St Andrews townincludng

part of the south side of the Eden EstuaRjglurel). The reportaims to support key partners in their planning for
anticipated increases in the threat of coastal €im and flooding. The Executive Summary and technical annex below
are not intended to be precise predictions of a certain future, rather they are scenarios based on a realistic an
precautionary interpretation of available evidence. As such the detaithirwishould not be interpreted as
management decisions in themselves, but supplementary evidence on whigmisationsand landowners may

choose to act on in the coming decades.

TheNationalCoastal Context
The 2017 Dynamic Coast project published aSevi 2 F KA AG2NA O NBOSYd YR Y2R

erodible coastDynamicCoast.cojnlt showed that the period since the 1970s has seen a 22% fall in the extent of
{O020fFyRQa akK2NBa I OONBGAyYy3I &hSresetodid Brdiwards, antia dodbin@ ditbe a

average erosion rate to 1 m/yr. This coastal response is consistent with climate change and is expected to quicken

sea levels continue to rise.

The latest research (Dynamic Coast phase 2) incorporatestidaivsurveys and shows that erosion is currently
affecting more shores than was the case in 2017 and anticipates that by 2100 accretion will be rare and erosion w
dominate much of the soft coast. These projections are based on the high emissionseledst scenarioand
FYGAOALI GS 2@SNJ mko 2F {O20fFyRQa az2¥id O2l ald dhef f
increased threat of coastal erosion also increases the risk of coastal flooding, so that planning ahead for emastal ch
both inland and at the shoreline, is both pragmatic and necesdawy Further details see National Overview and

Technical Annexes for Work Stream 2 and 2R#w(.DynamicCoast.com/repoi)s

Local Costal Context and Anticipated Chang&aAndrewsinks
Substantial castalchangehas occurred withithe St Andrewdinks(Figurel) over the last 130 years, witliccretion

dominatingmuch ofthe peninsulahat extends north into the Eden estuafipynamic Coast 201 Detailed
assessments the Technical Summary beladentify that conditions are now changing and erosion and flood risk
are real and growing threats to tH&t Andrews bks and the assets within and around thePne-industrialrelative
sea levels were fallingjowlyhere (L mm/yr fall), due to the land benefiting from isostatic uplifiowever latest

projections expecSt Andrewso experiencesea level rise afip to0.9m by 2100 at a rate ofup to 14 mm/yr® As a

Y1 fO0dzAZ I 6SR OKIFy3aS (2 aSty I A3K 2FGSNI {LINAy3Tas olaSR 2y |
i2Q FAIdNBO o
2 Calculated change to Mean High Water Springs, based on UKCP18 RCP8.5 (High Emissions Scenario) 95% sésSleveéb dge Jt
i2Q FAIdz2NBUL @
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result, pastaccretion andecentstabilityis expected tde replaced by erosion, which is likelygoicken in rate over

the coming decades.

Dynamic Coast research anticipgtaaderHigh Emissions Scenario amél R 2 Y 2cdaktdl piahadgement strategy
that the Out Headsection ofWest Sands dtAndrewswill retreat into the linksby up to 240m in the next 30 years
and up to~750 m by 2100.Direct floodingfrom the seais alsoa growing risko the golf course andome assets
Potential routes for floodinghave been identifiecht the Swilcan Burn, Eden amiest Sands shore3he threat of
erosion enhanced flooding is anticipated in the coming decades, unless the cuatme basedsolutions are

expanded.TheTechnicalSummarncontains more detailed summary of research outcomes.
Shoreline Management Planning context

CATS /2dzyOAt {K2NBfAYS alyr3asSYySyid tfly W o6[LbY 0O2Y
Council Committee). The range of options varies from No Active Intervention (NAI), Managed RealigriR)eHio{i
GKS [AYS o1 ¢[00 YR ! RAILyOS GKS [AYyS o6!¢[ 0D ¢KS [/ 2dzy

f St Andrews 08 HnonaI wWncna FYR uman W 2fR
f St Andrews golf links 08 HnonaI wWncna FYR uman W 2fR

1 St Andrews Golf lirkto Guard Bridge by 2030 Manage Realignment, 2060 & 2100 Hold the Line
Future Resilience and Adaptation Planning

The emerging consensusrldwideis that adapting to climate change sooner will greatly reduce societal risks and
costs in the long run. Recent research on climate change adaptation at the coast shows that laredreatdand
relocationof assets is likely to be required to manage loaign risks from sea level rise, regardless of any coastal risk
management options taken no@iHaasnook et al 2019)Vhere the need for coastal adaptation is increasingly urgent
(globally and locally), moreansformative solutionsnay beneeded. Whilsthe generic aspects of these concepts are

explored within the National Overview Repoftvww.DynamicCoast.com/repoiXs This document explores

management optins at St Andrewkinks within the context ofinternational best practiceTofacilitate adoptingan
adaptationapproachDynamic Coadbas identified actions that can be takeow, that will provide both physical and
policy windows to make space famny adaptation to be implementedwvhich aim to reduce lonterm costs of
maintaining defenceShese: £ A 3y gAGK GKS LYGSNB2@SNYYSydalrft tIFySt
climate changeCoastal adaptation to climate change risks|udngerosion risk, requires a ##ink of the boundary
between land and sea, where current land areas will either disappear (due to erosion) or change substantively, due
erosioninduced floodingThis may require transformation of existing communitiepligy, planning and
infrastructuresystems now anth the coming decade§ heFife Council SMP, published in 2011, considers the risks
posed by climate chandgeom flooding However, giventhe coastal change method for estimatifigture erosionwas
basedon historic ratesthe SMPdoesnot reflect the anticipated increasing amount of erosion and eroginhanced

floodingthat sea level risenight bring Whilst the SMP retains value, the absen¢¢hese factors mean that policy

10
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makerscurrentlyassune a more static shoreline than @nticipatedThere are more recent planning approacthieat
adopt the need for flexibility and adaptatiorzor example, in Scotland the emergi@tyde Regional MarinBlan

provides anexemplarof coastl policy in supportof more transformative formef adaptation that may bapplicable

Dynamic Coast provides the evidence base to assess current and future coastal erosionleskie¥anersandlocal
government totakerisk-informed decisionsThe generic coastal risk management and adaptatiotionslie along a
spectrumthat aligns clsely with the standard policy options in Shoreline Management Planniram no-active
intervention (doing nothing) accommodate erosioy adaptingstrategicplans and relocating existing assetdand
uses erosion resisteither usingtraditional engineering structures or natumased solutionssuch as beach feeding
and byadvancing the coasseawards perhaps using artificial offshore structures or laigmale beach feeding (see
National Overview Report for contexilablel outlinesthe past erosion rateebserved atSt Andrewsidentifies the
areas at greatest risk armliggestsnanagement and adaptation optiongll risk management and adaptati@ations
require robust appraisal to allowrganisationsto better manage coastal erosion risk and improve societal and

ecosystem resilience.

Coastal erosion, flooding and erositglated flooding are considered as tkey risks impactinGt Andrewsiow and

in the future.Whilst theresponsibility for coastal erosiamonsequencesests with landowners localauthorities (LA)

in this case Fife Coundilavepowers to address coastal erosiander the Coast Protection At949 FifeGouncilalso

has shared powers under the Flood Risk Management (Scotland) Act 20@8@ihete a local flood risk management
plan under the flood aciTheClimate Change (Scotland) Act 2010 inekalstatutory duty to report on climate change
adaptation progress. Guidance on aphing for coastal change can be found here (SNH, ,2019

http://www.dynamiccoast.com/links.htn)| though supplementary guidance from the Scottish Government is called

for within our recommendation

The St Andrewgeninsula is sudlividedhereinto management uniareas(which are smaller than the Policy Units in
the Fife Shoreline Management Plar), Zonsideing thesein turn from south to north(Figure2, Tablel), each has
specific adaptation and resilience recommendatiofisese optionaddressthe risks @ beach and dune erosion on

the Swilcan Burrand West SandgAreal & 2), salt marsh and dune erosion on the Edshore(Areas 3¢4), flooding

via Swilcan Burr(Area 1) and breachpoints in the West Sands and Eden sho(@reas2¢4). Whilst flooding is a
present and growingssue the direct risks fom erosion in the coming thirty yeais increasingAs a resultthe next

few decadespresent opportunities toenhane the natural beach and duneprotection of the links shore and
saltmarshesalongthe linksEden shoreBeyond2070flood risks increase furtheandwill increasinglypresentroutine

and periodic issueg€ach managememption will have differingeffectseffectson sediment dynamics, beach function
and the natural capital thatoastalsystems provide. Importantly, these responses to managing coastal erosion risk

must involve both the management of activities on land as well as at the coastal edge. It folloadaptionof the

11
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at-risk components ofjolf courses by shiftinginlandandaway from the zone of most risls encouragel to ensurea

flexible adaptive strateggo allowworld class golf stito be playedhereinto the 229 Century.

( \ Itis important to note that many of the adaptation options presenkeierequire
Identifying and securing

adaptation space now, strategic planning decisions to be takemow, to provide physical and policy

gives future decision space for future adaptation actiorto be possible. For example, if planning
makers more flexibility
and choice, when climate
change impacts are

\ greater. ‘ constrained, becomes more expensive, or bdtandbased strategic plans that

permission is grant&now for assets or infrastructure on land that may be at risk

in the future, the opportunity for future landward adaptation to occur is

account for future risks are needed whplanning today (e.d.ocal Development
tflyaos G2 ONBIFGS | yR al FS muddMNderosionh hyyadagtatién whFininallsogieNsli dz
impact and cost.These concepts are acknowledgedthin the National Planning Frameworkashd National Land Use

Strateqgy

12
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Resilience and Adaptation OptionsSatAndrews Links

Table loutlines the management options along the coasid recommended to be considered alongside dynamic

adaptational laneuse planning aspects inland.
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FydAOA LI G S RimpicatiofsIShart andLéhgbini dptivss ard BulinegCansultatiof Ard costs benefit appraisal would proceed any implementation.

Area

Shore
Character
and Assets

Coastal changes*

Gain = seaward
movement. Loss =
landward movement

fiDo nothingod
Implications

Futurei 6 Shor t

t er (0i® yre)p(seé desciption at bottom of table) {options

ordered from avoidance to resist} Note Risks are explained in table footer.

Futurei 6 Me d i 5i 10 yr§): and Long term (10i 30 yrs): options

1: Swilcan Burn
Mouth

Artificial planting &
sand-fed dunes

(Note these
interventions have

Sea wall (east)
and fed dunes
(west), fronted
by wide sandy
intertidal.

Low Water
19811 2018:
45 m loss

High Water
189371 1993:

130 m gain

19937 2009:
4 to 20 m gain

200097 2018:

HW erosion by
2050 28 m lost /
20507 80 39 m lost
/208071 2100 86 m
lost

Foreshore
lowering and
steepening, retreat
of MLWS.

Non-Active Intervention:

1.

Monitor change/no intervention: Loss of natural sections of amenity beach. Cost:
zero; Risk: high.

Accommodate Erosion:

1.

Develop Dynamic Adaptive Policy Pathway: Enable existing assets to be
adapted / relocated if present location is exposed to erosion/flood risk. Timing
dependant on locally defined trigger points, space on land needs to be safeguarded
for options.

Managed Realignment: Phased re-location of at risk assets to resilient and
sustainable locations inland. Cost: high; Risk: moderate.

Erosion Resist:

In addition to continued deployment of short term options:
Non-Active Intervention:

1.

Monitor change/no intervention: Loss of natural sections of amenity beach. Cost: zero; Risk:
high.

Accommodate Erosion:

1.

Develop Dynamic Adaptive Policy Pathway: Enable existing assets to be adapted / relocated
if present location is exposed to erosion/flood risk. Timing dependent on locally defined trigger
points, space on land needs to be safeguarded for option.

Realign roadways and relocate assets: Coach car park (by 2050) and road (by 2060) at risk,
some realignment within existing car park would avoid risks up to 2060. After this little
accommodation space without impinging on golf course. Cost: moderate; Risk: low

Erosion Resist:

influenced the 12 to 16 m loss Dune erosion is 1. Enhance defences (0i 10 yrs): Direct hard defences constructed at toe of dunes.
changes reported) Surface change anticipated from Cost: high; Risk: high. 1. Feed beach: On-going r_epair to upper beach profile to improve natural resilience of beach at
Golf courses, —9—2013-|- 2018: 2030 (<1 m/yr). 2. Feed beach & dune (0i 10 yrs): Short-term local repair to beach and dune profile Swilcan dunes (as done in 2010). Cost: low; Risk: moderate. _ _ _
road, Foreshore Greater changes to improve natural resilience of the beach at Swilcan Burn mouth. Cost: low; Risk: 2. Comblngd peach fqed & enhanced SWI.|CaI’l defenc.esl (2050): fronting peach nourished with
SALT -0.3t0 +0.5m to Swilcan Bu%n moderate. Sand.mf’:untaln amenity and rgducg wave impact on.e.X|st|ng structures which are allowed to
baldings fo Swilcan 3. Reprofile upper beach (07 5 yrs): Short-term local repair to upper beach profie to remain in place. In combination with further land-raising adjacent to Clubhouse & Old course, or
i t Dgrée face associated incr ::l;npliove gatural resilience of beach at Swilcan dunes (as done in 2010). Cost: low; flood protection measures on Swilcan. Cost: high; Risk: low
Utilities etc. +0.6 m y isk: moderate. Advance:
. wave overtopping | 4 Low cost flood protection measures on Swilcan (0i 5 yrs): Consider subtle . . . . .
Wﬁ risks. land-raising adjacent to Clubhouse and Old course to enhance natural protection gﬁg;:;ubrr'szge;; d(i?osgz):izf:tgjillﬁ)r:;;ﬁShgzlsntg IinlIil'thi)seE'elfcl)tv;he entire bay and reduce risk of
50 t0 120 m gain Reduction in features. Cost: low; Risk: moderate. 9 - igh, :
amenity beach 5. Moderate cost flood protection measures on Swilcan (0i 5 yrs): Local repair
20071 2018: and access points. and re-profile on dune toe; Swilcan burn edge linked with sluice flap system (weak
8m gain point in 2010 surge event). Water controls applied to the Swilcan to manage flow to
prevent flood but also beach erosion from excess outfall. Cost: high; Risk:
moderate.
Non-Active Intervention: In addition to continued deployment of short term options:
1. Monitor change/no intervention: Loss of natural sections of amenity beach and Non-Active Intervention:
2: West Sands to dune cordon. Exposure of landfill. Cost: zero; Risk: high. 1. Monitor change/no intervention: Loss of natural sections of amenity beach and dune cordon.
Out Head Low Water Accommodate Erosion : Cost: zero; Risk: high.
19817 2018: Foreshore 1. Develop Dynamic Adaptive Policy Pathway: Enable existing assets to be adapted Accommodate Erosion :
Natural sand dune 9010 130 m loss lowering and {c:ce;ﬂcaézgr:];zrterisenérlo%?r?gn és gzgc;sneg;%irgz(ljosn'{got?:sr;ig Eg‘:ér;% ?gfgngg:; on 1. Develop Dynamic Adaptive Policy Pathway: Enable existing assets to be adapted / relocated
with a wide low- High Water steepening, retreat y ggerp » SP 9 P if present location is exposed to erosion/flood risk. Timing dependant on locally defined trigger
angled_ beach. 18931 1993: of MLWS. 1. Managed Realignment (now onwards): Support West Sands Partnership to points, space on land needs to be safeguarded for option
Occasional pockets of 160 to 250 m gain Dune erosion is realign public access routes through dunes. Using low-cost dune profiling, 2. Managed Realignment (2040 onwards): Phased re-location of at risk assets (West Sands
dune rehabilitation , ) anticipated from boardwal ks where appropriate and sand Road (2040) & Jubilee holes) to sustainable locations. Phased & reduced use of grass parking
1233'120001% ain 2030 (<1 miyr). beach side. Ongoing since 2017, continue. Cost: moderate; Risk: moderate. areas to allow dune roll-back and maintain width & resilience of dunes. Potential for residual
(Note these 9 _ 2. Pro-active management strategy (01 20 yrs): Annual West Sands Partnership erosion-related flood risk remains (20707 2100), with risks to assets, Club House & Green
interventions influence | 5 e o 2013i 2018: Landfill at meeting to define actions, secure licence and consent. Cost: low; Risk: low. Keepers building (2090). Cost: high; Risk: high _ _
changes reported) road ' 12 to 35 m loss immediate risk of 3. Building with Nature (01 20 yrs): Encourage and implement dune health recovery | 3. Set back flood embankments within links interior (2050): Provide barrier to overland flow
! exposure. via biodiversity support projects such as dune-grass planting.Cost: low; Risk: low. from the golf course links overtopping during extreme events. Cost: low; Risk: moderate.
SA:aT %018 By 2050 turning Erosion Resist: Erosion Resist:
Ul:'ll' .|ngs Foreshore circle at risk 1. Feed beach (0i 10 yrs): Short-term local repair to whole beach profile to improve 1. Feed beach (2040 onwards): Long-term beach nourishment programme to maintain beach &
ilities etc. 1.2t0+0.3m By 2070 Course, natural resilience of the beach fronting the dune cordon. Cost: low; Risk: low. dune profile to enhance protection provndt_ad by dune_ cqrdc_)n over the long term and reduce risk
Dune face Coach park & 2. Dune cordon repairs (0i 5 yrs): Maintain the protection provided by the dune 3 Ef ?ri?jcg 5}”?} erOS'gg;{ga:?d ﬂr?de: ggst.trgo?er:ate, R'Sk-b|°""|a ¢ revetment) install along West
+0.9m West Sands Road cordon in to reduce the short term risk of a breach in seaward dune to give flood - Extend defences ( onwards): Direct defences (e.g. boulder revetment) install along Wes
at risk from access to dune corridors. Cost: low: Risk: low. Sands to protect dune toe & adjacent cordon_ and (_:orrldors from ongoing erosion. _Rlsk of
Vegetation Edge: retreating Veg 3. Reprofile upper beach (0i 5 yrs): Short-term local repair to upper beach profile to foreshore lowering and beach loss reduces likely lifespan of defences and recreational value of
18501 2007: Edge. improve natural resilience of beach fronting the dune cordon. Initially at Landfill 4 g%ﬁgitr?ergsb'gzzts %Z%Vésgzrfser?::g elzeo%,or;l-gf?é)r?iig &%iﬁrﬁgeutr?sﬂg thith sand maintain
190 tf) 420 m gain Sri(il:](i:ttlogelgch N Er?msé.rglgoev;/{cslfle(.slsg\gse protocol (0 5 yrs): Using free beach sand prior o amenity and reduce wave impact on existing structures which are allowed to remain in place. In
200771 2018: and acz:/ess Soints predicted surge events, dozer beach side access points and flood channel areas combination with direct defences and other land-raising adjacent to low points in dunes. Cost:
5m loss to 25 m : rofi § : .  Dick- ' high; Risk: moderate to high
. Re-profile once surge threat subsides. Cost: moderate; Risk: moderate.
gan Advance:

Mega nourishment (2050) beach & dune reshaping would benefit the entire bay and reduce risk of
erosional breach and erosion-related flooding. Cost: high; Risk: low
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Adaptation andResiliencéptions forSt Andrews Links

>C
Shore Coastal changes* | _ ] L . . L .
Character Gain = seaward ) i D o O.t hi ng| Futurei 0 Shor t. ter méS yrs)p($eg djasplsptlo(\ & bottom of table) {options ordered Futurei 6 Me d i i 10 yr6)5and Long term (10i 30 yrs): options
Area d Asset movement. Loss = Implications from avoidance to resist} Note Risks are explained in table footer.
an Ssets landward movement
Non-Active Intervention: In addition to continued deployment of short term options:
1. Monitor change/no intervention: Loss of natural sections of amenity beach, dune toe Non-Active Intervention:
3: Eden Estuary Low Water and Ted beach. Exposure & undermining of defences. Loss of Jubilee 8" hole. Cost: zero; | 1 Monitor change/no intervention: Loss of natural sections of amenity beach, dune toe
(north) 19811 2018 Risk: high. and fed beach. Exposure & undermining of defences. Loss of New 9th hole, Eden 4th &
Natural and fed 190 m Ioss. Accommodate Erosion: 7th holes. Monitor change/no intervention. Cost: zero; Risk: high.
dunes, sloped and . Foreshore & 1. Develop Dynamic Adaptive Policy Pathway: Enable existing assets to be adapted / Accommodate Erosion:
vertical gabions, Hi h_Water beach |0W9“_n9, relocated if present location is exposed to erosion/flood risk. Timing dependant on locally 1. Develop Dynamic Adaptive Policy Pathway: Enable existing assets to be adapted /
fronted by narrow 18937 1981: dune recession. defined trigger points, space on land needs to be safeguarded for options. relocated if present location is exposed to erosion/flood risk. Timing dependant on
beach merging with 54 m loss Potential 2. Managed Realignment (now onwards): Phased re-location of at risk assets (Jubilee 8% locally defined trigger points, space on land needs to be safeguarded for options.
natural and enhanced 19811 2013: undermining of hole) to sustainable locations. Cost: moderate; Risk: moderate. 2. Dune cordon repairs (2040 onwards): Maintain the protection provided by the dune
galt mqrsh. Dune 20 m loss existing dunes, 3. Land-raising on coastal edge (0i 20 yrs): modest raising of coastal edge (southern cordon to reduce the short term risk of a breach in seaward dune to give flood access to
ridge high, apart from fed-dunes and section only) would reduce flood overtopping risk. Cost: low; Risk: low. dune corridors. Interior land-levels are mostly high so residual risks are low. Cost: low;
southern section. 2013i 2918: defences (2030 4. Feed beach & dune (07 10 yrs): Short-term local repair to whole beach profile (as in 2000 Risk: low
Golf courses 40 m gain to onwards). and 2015) to |m-prov.e n_atl-JraI resilience of the beach fronting the dune cordon and 3. Reprofile upper beach (2040 onwards): Short-term local repair to upper beach profile
5 m loss Erosion risk to defences. Cost: low; Risk: low. o ) _ to improve natural resilience of beach fronting the dune cordon & defences. Cost: low;
Volume Jubilee 81 hole 5. Dune cordon repairs (07 5 yrs): Maintain the protection provided by the dune cordon to Risk: low.
20137 2018: (2030 onwards?) reduce the short term risk of a breach in seaward dune to give flood access to dune 4. Feed beach & dune (2040 onwards): Short-term local repair to whole beach profile (as
Foreshore , , corridors. Interior land-levels are mostly high so residual risks are low. Cost: low; Risk: low before) to improve natural resilience of the beach fronting the dune cordon and
01t0+13m Residual flood risk | 6 Reprofile upper beach (0i 5 yrs): Short-term local repair to upper beach profile to defences. Cost: low: Risk: low.
' ' generally low (due improve natural resilience of beach fronting the dune cordon and defences. Consider Erosion Resist:
Dune face to high ground lowering dune heights at dunes adjacent to Jubilee 8th hole to reduce wind scour of Erosion kesist.
301t0+2.5m levels), but higher beach. Cost: low: Risk: low. 1. Extend defences (2040 onwards): Direct defences (e.g. sloped gabion baskets /
at south. : ot boulder revetment) extended from existing Eden defences. Risk of foreshore lowering
; . Erosion Resist: ; . -
Vegetation Edge: Loss of amenity _— ) ) _ and flanking. Cost: high; Risk: moderate.
18507 2007: beach. 1. Extend defences (07 20 yrs): Direct defences (e.g. sloped gabion baskets / boulder 2. Land-raising on coastal edge (2040 onwards): modest raising of coastal edge
52 m loss ;Ievekt.meng e>t<tehr.1dﬁdF:.rolr(n em;tmgt Eden defences. Risk of foreshore lowering and (southern section only) would minimise overtopping risk. Cost: low; Risk: low.
anking. Cost: high; Risk: moderate.
2007i 2018: g g Advance:
Advance: ) ) . ) .
stable . ) ) ) ) Saltmarsh creation (2050) would benefit the entire Eden and reduce risk of erosional
1. Saltmarsh creation (2050) Woul_d benefit the entire Eden and reduce risk of erosional breach and erosion-related flooding.
breach and erosion-related flooding.
In addition to continued deployment of short term options:
Non-Active Intervention: Non-Active Intervention:
1. Monitor change/no intervention: Loss of natural sections of salt 1. Monitor change/no intervention: Loss of natural sections of salt marsh. Exposure & undermining of
Low Water Foreshore & marsh. Exposure & undermining of defences. Periodic flooding to defences. Periodic flooding to golf holes (Eden, (13" 15", 6 winter) and Strathtyrum (3% 51 & 11 14™).
19811 2018: beach lowering golf holes (Eden, (13" 15™, 61 winter) and Strathtyrum (3" 5" & Cost: zero; Risk: high.
| ! thi 14th . - Risk® hi .
stable Potential 11 |13 ) Cost: zero; Risk: high. Accommodate Erosion:
i ini Accommodate Erosion:
Telsggy\{gtselr un_dfts_rmlglng of d ] ] ] o 1. Develop Dynamic Adaptive Policy Pathway: Enable existing assets to be adapted / relocated if present
8 to 53 m i existing dunes and | 1. Develop Dynamic Adaptive Policy Pathway: Enable existing location is exposed to erosion/flood risk. Timing dependant on locally defined trigger points, space on land
4: Eden Estuary to 52 m gain defen(ijes (2030 assets to be adapted / relocated if present location is exposed to needs to be safeguarded for options.
(south) Golf 19811 2013: onwar S)- _ erosion/flood risk. Timing dependant on locally defined trigger points, | 2. Internal reorganisation of golf assets (2040 onwards): Re-configure at risk holes on Eden, (13" 15,
ol course, 34 m loss Erosion & flooding space on land needs to be safeguarded for options. _ 6 winter) and Strathtyrum (3% 5% & 117 14™) within existing Balgove course and adjacent areas. Careful
Salt marsh (partially low-lying land 20131 2018: risk to Eden 2. Managed rgahgnment of field & enhanced salt marsh farming consideration of drainage & flood implications. Land raising may be an option for flood control but ineffective
enhanced) in front of with farmland )10 course (2030 (from now): Investigate breach of historical embankment plus new for erosion. Cost: medium; Risk: low.
narrow embankment, | and A91 25m gain onwards) embankment on SE side to reduce flood risk to golf assets. Design | 3. Managed Realignment (2050 onwards): Phased re-location of at-risk golf assets (Eden 13" 15%, 6™ winter.
low lying interior arterial route Volume Residual flood risk to encourage salt marsh growth, as part of wider salt marsh Strathtyrum 39 5t & 11t 14t) to sustainable locations inland. Land raising may be an option for flood control
into St 20131 2018: high (due to low exp;nsmn W_lﬂr(ln th% Eden Estuary & C-sequestration plan. Cost: but ineffective for erosion. Careful consideration of drainage & flood implications Cost: high; Risk: moderate.
moderate; Risk: moderate. . .
Andrews from | Foreshore ground levels). _ _ Erosion Resist:
the west. ¥0-2m llgcrtierz]ise(?r(\)/vn?ter- Erosion Resist. ) . _ 1. Investigate further enhance drain capacity (2040 onwards): to address waterlogging & fair-weather
Dune face 99Ing 1. Extend defences (0i 20 yrs): Direct defences (€.g. sloped gabion flooding on lower sections of course. Adjacent land could provide flood amelioration. Cost: moderate; Risk:
+0.5m 2030) baskets/boulder revetment) extended from existing Eden defences. low.
Vegetation Edge: Fair weather R?SE of foreshore lowering and out-flanking by erosion. Cost: high; 2. Extend defences (2040 onwards): Direct defences (e.g. sloped gabion baskets / boulder revetment)
. H : . . . . . . . . . .
_9—9_1850" 2007 flooding (from Risk: moderate } extended from existing Eden defences. Risk of foreshore lowering and out-flanking by erosion. Cost: high;
8 to|25 o ioss 2050) 2. La;:d-ra|smg on coastgl e_gge_ (07 20 yrfs): emba_nl_<m_ent _ Risk: moderate.
Loss of amenity en ancement§ (t_arg.ete widening & raising) to minimise overtopping 3. Land-raising on coastal edge and A91 (2050): modest raising along embankment to minimise overtopping
200771 2018: beach. risk. Cost: low; Risk: low. . . . risk and set-back embankment for increased flood protection to A91. Cost: moderate; Risk: moderate.
7m gain 3. Enhanced salt marsh (Ql 10 yrs): Short-term expansion of salt .
marsh enhancements to increase extent, roughness and Advance:
consequential flood protection function. Cost: low; Risk: low. 4. Saltmarsh creation (2050) would benefit the entire Eden and reduce risk of erosional breach and erosion-
related flooding.

* LW = Low Water, HW = High Water, VE = Vegetation Edge; negative values are changes in a landward direction (lost to sea)
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DAY,

/ \ This section brieflyexpands, by area and management option, some of the
The greatest societal resilience § key points emerging fromiablel. For examplefiNoActive Intervention(NAI)

and lowest costs for St
Andrews will occur when
coastal risk management cordon erosion or lowering will continue to occur, in both the short and4ong

decisions are made alongside
adapting landbased policies

isto be the preferred policy option aBt Andrewsthen beach and/or dune

term. At St Andrews there are no recommended options t#dvancethe

now to accommodate future current coastal position usingrosion resst options (i.e. offshore traditional
erosion and erosiorrelated engineering structures) such as breakwateva grounds of cost and
flooding.

\-

sie dzt Ry Qi 6 S S E OterazRRISofher keyomida @ arosbryfesiSt Measuregnature-based and traditional

engineeringkould be applied to specific areas of the bay as detailédhisiel. Importantly, in all areas where any Nl

/ environmental impacbon the adjacent coastHowever, use of a largecale

nature-based erosion resisbption, such as a mega nourishment programme

any type oferosion resistmeasures are implemented in the short term, it is recommended that-lzabd policies are
adopted now to accommodate ergion in future by restricting new (or regenerated) development of permanent
infrastructure in areasnticipatedto be eroded by 2100. This makes space for bahaie systems to respond naturally

and dynamically to coastal climate change impact, such aksebrise, andilsol @2 A Ra & AQAa lofe  WiAzy
the amount of permanent developmethat ispermitted in areas at riskithus the Dynamic Adaptive Pathways approach
allows #ort-term economic benefits in these areas can potentidy realisedthrough innovative measures such as
permitted temporary development, assets that are demountable and/or can be relocated inland as landward erosior

expands and quickens.

Proposed apprazh

(

Whilst erosion risks are anticipated on the West Sands and Eden shores, the flood
Scalingup Building with \
Nature techniques in the

dunes and marsh bugtime to
develop flexible adaptation management of St Andrews Links under a {fpbased approach comprising

corridors have been identédd and shown irFigure3a, alongside indicative areas

interventions in Figure 3b. We recommend that SALT consider the future

strategies for atrisk areas. consideration othe following measures (1 to 3 are shown alongside thecased
\ J flood corridors in Figure 3)

1. flood management optiondoth at the Swilcan Burpandalong the Eden Estuargxpanding salt marsh planting

and embankment worRs
2. deploymore dune enhancement workt maintain the integrity of the dune cordon as a protective landfprm

3. beach nourishment to enhance the beach sediment budget aaducedune-toe erosion over the longeterm;
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4. explore course redesign, repositioning assets to rsie locationsto ensure golf can sustainably be played at St

Andrews beyond 2100.

It is important to note that while all the above measures address the combined risks from erosion and marine flooding
measure 4 also addresses risks of waterlogging of theyimg inerior due to increased seasonal rainfall and/or higher

water tables.

For all areas detailed belowt Andrews Links Trust Esxdowner, alongsidesupport fromlocal to national government
mustidentify practical steps and associatpedlicy and funding mechanisms to facilitdtegerterm landward relocation
of at-riskassets such as carparks, roads aedtions ofyolf coursesln paralle] shortterm flood risk alleviation measures
(such as mving orlandraising assetsjeedto be undertaken where existing infrastructure is at risk of erosielated

flooding.

Taking each of these areas in tadaptational andesilience optionsre explored belowArea 1(fronted by the Swilcan
Duneg is close tahe town of St Andrews and pports infrastructure assetsuch as car parks and the main rogithin

St Andrewswhich are at risk oerosion and erosiomelated flooding In the future flooding from Swilcan Burrmay
become a daily challengeestricting se of these key asseand areas of surrounding golf coursésthis area, shotterm

(Oc5 year) naturebased erosion resist measurasch as beach feeding, dune reprofiling and subtle land raising to alleviate

riskare neededo improve theresilience othese assets

In Areas 24 (West Sands and Edenast of the LinKs the golf coursegmid-section of the Jubilee Course, in particular)
arethe main assets at risk of erosion amasionrelated flooding together withsaltmarsh and dune erosion on the Eden
shore In this area it is recommended that a combination of sedimfeatding and/or naturebased approaches to
managing erosion riskare implemented to strengthen short and meditterm resilience provided by the bekdune
and saltmarsh system&urther investment in this natural capital 2 dzf R W0 degploré dete&Qy anddetailed
adaptational options to ra@lesign andelocatethose threatened andess impotant golf courseassets inlandlLand-based

adaptation planswill need to be designedagreed and implemented before
Gl-vesting more in nature bas.a

. . . erosion and fair-weather floodingof these assets occur3.aaking a long view,
solutions provides the time for

the Links Trust to invest in agricultural landsouth of the A91(if available for coastal adaptatidrprovides
adaptation strategies. usefulaccommodation space for relocatirag risk assets This can be achieved
This way, we can choose our | through proactive adaptation planning now to limit future developmentthis

&ure by design, not by dBaS; land, to ensure it can be used when need®y planning aheadhese measures

will helpmanage bol erosion and erosiorelated flood risk witHessdisruption

to the business continuity of lkeeyeconomic asset for St. Andrew&t Andrews Links Trust, would be choosing its future
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by design, not disasteClose coordination between business, local and national government is recommended to enable

relocation plans to be designed, agreed and implemeiriteal dynami@and flexible manner

The trigger pointgor implementingadaptationactionsshould be informedy appropriate monitoringlboth coastal but

also golf course, including for waterlogging issué& recommencaW5 & y I YA O | R lbiidev@l&ped bpALUNE | ¢
and partners wheremultiple future management paths are planned, and future managers dediga the time is right

to, for examplephase outresistance measures arnditiate adaptation actions (includingelocating at riskassets) The
favoured options aboveninimise aestheticand recreationalimpacts. Enhancements to theedenembankment(now
protected by awider energyabsorbingmarsh are as important aslune enhancements on the West Sand#hilst the
land-raising at the clubhousand Old Course are modesepairing thesixdune blowouts within the West Sands Dunes

in the coming yearsvould greatly enhance thprotection provided bythe dunesDetailed consideration of placement of

the landraised areas would be required, not only to maximise flood protection (and egress / return of flood waters) but
also from an aesthetic and ggifayability perspectiveGiven the anticipated increased erosi@tes, partner discussions
regarding sediment husbandry and licenceelse are necessatg maximise thenatural resilience offered by the dunes
International experiencehows thatBuilding withNature techniques allows future flexibility to endwibader adjustments
(Interreg BwN 2020)Significant gains in the width of dune vegetation at West Sands bese identifiedsince 2015
attributable largely to theantervention of the West Sands Partnership in fencing, feeding and dune planting, act swit
from mechanical beach cleaning (which removed beneficial seaweed as well as sand) to merely manual littef remov
since 2014The sustainability dbuilding withnature options is moderate to high in the face of sea level rise, representing

a moderate cost option over the medium to leterm.

Such an adaptive approatiilds on passuccesses anaims to secure the mediusterm resilience of the duneordons

and marsheswhilst allowing longeterm strategies to be developed®ver the last few decadethe use ofsediment
sourced (undeticensedterms) fromOut Headhasgreatly enhanced thaatural resilience of the dunesongsidesalt
marshenhancement schense Consideration of the sustainabiese of these local sediments is essendiadl continued
liaison with partners is necessaryhilstthe immediatethreats are modestthe St Andrews Links Trustcognise thg

have awindow of ogportunity to further develop and implemerghort and longeterm strateges These approaches are

outlined withinFigure3.
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OS aerial survey (May 2018) flown
for the Dynamic Coast project.
Crown Copyright (&DB rights)
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Figure3A Identified flood
corridors across St
Andrews Links

Flood corridor narrows but extends
north from here. See Management
options maps for interventions.

Low lying areas which may be subject
to coastal flooding, catagorised by
intervention options (annotated).
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OS aerial survey (May 2018) flown
for the Dynamic Coast project.
Crown Copyright (&DB rights)
2021 OS 100017908,

West Sands - beach feed

Eden salt marsh
(proposed enhancements)
possibly extending westwards.

Foreshore
monitoring

West Sands - dune recharge

Green Keeping
Centre

Long-term accomodation space not
identified. Further discussions
with community required.

Figure 3Broposed
resilience and adaptation
measures

Old Course & Clubhouse
(proposed land raising)
Raise to 5 mOD

Low lying areas which may be subject
to coastal & fresh water flooding.
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TechnicabBummary

Governance
St Andrews Links Tryss the body, formed by an Act of Parliament in 1974 to be responsible for the management and

maintenance of the historic Links at St Andrews. Aslaheownersthey have worked closely through the West Sands
Partnership to successfully enhance the resitie of the dunes to erosion and floodingest Sands Partnership was
formed by St Andrews Links Tr¢S®LT)Fife Coast and Countryside Trust (FCCT) and Fife Council (FC), advised and guic
by SNHnow NatureScot)Tte Partnershighas been vital in cordinating and driving local coastal enhancemeR&. are
empowered under the Coast Protection A&49and Flood Risk Managemef8cotland)Act (2009 to manageflooding

and erosionand have published th8horeline Management Planadd delivered a major dune enhancement project in
2010 SALTare the primary land managers and caoyt all coastal operations to dat¢&CCT aréhe supporing land
managers and cordinate, advocate, advise and hold licence and consent for dune operations. FCCT are also tasked wi
co-ordinating dune restoration using community and public volunteeolvement and the ranger service suppdtinder
service agreement with SAL{rovides project advice, esite daily management, education and protection for coastal
issues. FCCT also manage the Eden Estuary Local Nature Reserve and as such work closely with SALT, Dr Clare Mayn
Andrews University) anNatureScoobn coastal and shoreline projects. This linked approach assists greatly in delivery of
dune and saltmarsh ermcements for multiple and mutual benefiGiven the close working of SALT and FCDgveamic

Coastresearch aims to appraise the past approaches, consider future risks and informdengexanning.

Current Strategies
Importance should be placed upaupport projects and managemettighlighting public supporSince 2010, over 1500

individual volunteers with thousands of hours of manpower have committed to remove invasiveatioe plants and
restore and transplant dune vegetation along the wha@les (G SY® ! aAy 3 YAYA adzlJL2 NI LINE
¢cbS¢ 5dzySa F2NJ htR ¢NBS&aQ LINRP2SOiGx SO2f23A0Ft adzJi2 NI
and therepurposingof 12 acregrom municipal parking to grazed and meged coastal grassland since 2014. Additionally,
West Sands has a Code of Conduct for all beach visitors to define expected behaviour to protect feesiteanger
serviceaimsto educate the public, carry out monthipanualbeach cleans toeplacemechanical cleaningndform a
Coastal Volunteer Group to assist maintaining the coastal fringe and dareesll longterm management objectives.
Ratified and consented by FC, the Eden Estuary LNR Management Plan Nasukedco to adopt the Saltmarsh
Programme as part of the recogniskhgterm management of the site; this supports joineg coastal management as

well as shoreline planning and conservation objectives for the site.

What is clear from the above, is that a vious feedback has been created and is invested in between the landowners,
partners, and community groups, who share and invest in a natural and sporting asset. Such collaboration and investme

is vital in the coming years as the challenges posed by clichatiege increases.
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Methods

Identification of Flood Protection Features
High resolution Digital Elevation Models (DEMs) were automatically analysed to identify the extent of the coastal barrie

protecting lowlying areas of flood risk. Regukdrorenormal profiles were extracted allmintervals along the DEM and

analysed to identify the width of barrier and volumes of sediment above key flood elevations. These allowed potentic
ONBIOK LRAyiGa (G2 06S ARSy (A Td fosd extentd. YASEcdn® &t of @dfileswére they (i 7
extended along the low points of potential flood corridors to enable detailed topography to be compared with anticipated

flood levels.

AnticipatedShoreline Recessialue toRelative Sea Level Ristodified Brunnmodeland the CoOSMeEOAST
model
Relative sea level rise is expected to exacerbate rates of erosion of coastal barriers, witokmdiects for angxisting

flood risks identified. Past rates of coastal erosion in the face of known ratedatif’e sea level change were used to
modify andtrain an equilibrium mode(the Bruun Rulefor shoreline change prediction (Dean and Houston, 2016).
Shoreline change was then modelled to 2100 under low to high Representative Concentration PathwagdRa s
within UKCP18, encompassing predicted changes in relative sealleeeddvantage of the Modified Bruun approach at

a national level is that it requirgbe use of arestricteddataset such as was available for the whole soft Scottish cérast.
some locatios a morecompletedataset is available that allows a more detailed and nuanced modelling to be done at
these sites for exampleincluding wave data andhore parallel dlongsore) sediment transfer both absent fromthe

Bruun approal. Accordingly, for some sgavith good data availabilitywe adapted the Coastal Odme Assimilated
Simulation Tool (CoSMd&3)AST, Vitousek et al., 2017) to simutatastalevolution underthe climate change scenarios
presented by UKClimate Projections 2018 (UKCP18). The model uses a pimasss approach to simulate shoreline
change via wawvdriven alongshore and croshiore sediment transport processes, as well as 4eng shoreline
migration driven by relative sea level rise (RBI'he model is forced using local records of relative sea level change and
wave hindcast data, as well as Ensemble Kalman Filtering which assimilates the modelled shoreline to historic position:
Mean High Water Sprisgover the 20" century. The foreast model was validated with recent shoreline position
observations derived from higlesolution topographic surveys, satellite imagery and aerial photography. Shoreline
change was then modelled to 2100 under low to high Representative Concentration RatR@®) scenarios within

UKCP18, encompassing factors such as anticipated changes in sea level rise and wave action

Vegetation Edge Analysis
The retreating vegetation edge is a clearly identifiable feature within remotely sensed imagery, high resdiMsrad

via ground survey. Its position can be extracted manually or-semoimatically allowing timéapse comparisons from
data from different timeperiods.Multiple sets of aerial imagergver the last few decadesave been compared with

comparable reslution ground survey to produce timgeries vegetation edge retreat positions.
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Updatingthe Extentof the Intertidal Coast »Ray
Dynamic Coast developed a tool (CoadRay) to analysehe back catalogue of Sentinel 2 satellite imagersing a

Normalisel Difference Water Indexo demarcate areas which are always water (sea), alwaysvatar (land) and areas
which are intermittently water and land (the intertidal zone). This water occurrence index is converted into a percentag
figure, but the number ofmages used in the analysis and the median NDWI value are also avaishiisshow that

Coast XRaycan be used to inform potential changes to therldwide,extentand geometnyof the foreshoreand thelow-

and highwater marksbut used in Dynamic Coast for comparisons \gitiblished Ordnance Survey tide lines.

MappingCoastal ErosioBisadvantage

An assessment was additionally carried out to quantify @eastal Erosion Disadvantage ¢@cial vulnerability of

{ O2 Gt | v énilids to@@dtaY erosignusing Dynamic Coast erosion data from the recent past (1970s) through to
Hapn® al LIWAY3I 2F a20ALt @dAZ ySNIroAtAGE Ay NBtlFGA2Yy (2
and the latest data from thec®ttish Index of Multiple Deprivation (2016 & 2020). Building upon previous considerations
of social vulnerability related to coastal erosion and flooding,3beial Vulnerability Classification Indexa derivative of

that developed by Fitton (2015).ittcludes existing academic and policy literature concerning coastal erosion and flooding
vulnerability and identifies key indicators of social vulnerability to coastal erosion and flooding. It seeks also to exten
{9t! Q& O6HAMMU SI NER 4tLALINRYHIOK: ff28 A+RISYYUSANE-@OAf S | NBIF aé¢ |y

assessment, which @snot consider coastal erosion.
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Results
The following section provides the research results on coastal ch@ngsion/accretion), flood risk and coastal erosion

enhanced flooding

Coastal Change

Summary
1. The links at St Andrews have seen substantial eastward growth over the last few centuries. Map analysis sho

that since about 1900, new dunes have built up to allow constructichil@folf holes More recently however,
areas of accumulation have becomedecommon, and erosion is now affecting more areas than in the past.

2. Whilst most of the dune cordon provides a good level of flood protection to thdyow interior, potential flood
corridors remain at the Swilcan Buiat, several low points in the s&facing dunesand along the Eden Estuary
Shore. Recent dune works undertaken in the last few decades mainly along the Westh8amdseen very
effective in the short term, wittmarsh enhancements along the Eden Estuary Skleosving moderate success
although longerterm risks remain mainly related to the potential risk to the Hying areas of links and rising sea
level.

3. Underad R2 Yy 2 (i KA ycaastal &ré3idryid aNtkigated to effect upt@0m of the West Sands,150m of
Out Headand progressively effect salt marsh extent within the Eden Estuary as well as potentially flooding part:
of the links by 2100.

The first phase of Dynamic Coast summarized the coastal changes to St Andrews Links Geldede repor) between
1896, 198, 1991 and 20B. For example, the southern sections of the dunes retreated arouhthbetween 1982 and

2013, whilst overlie same period the northern part of the bay advanced approximatgiyn4

The second phase of Dynamic Coast, outlined below, benefits from Ordnance Survey aerial survey undertaken in M
2018and augmented withvegetation edge surveys from Satellfgee rnamic Coast WS3 Veg edga)y photography

and ground survey. Whilst these are discussed in turn below, various interactive tools are available withir

www.DynamicCoast.coffior usesto interrogate.
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Existinglopography anddoodLevelsat St Andrews Links
The cordon of coastal sand dune ridges at St Andrews provide natural erosion and flood prdtedieninterior links

land and golf courses behind the dunes. Historically tihieed on the eastacing beach have moved seaward although
this has slowed over recent decades with some erosmn occurring toward Out Head.

At the Swilcan Burn, the southern end of the efmting beach at St Andrews Links has benefitted from succeksial
reconstructionin 2010,but the land behind remains low and subject to flood risk. Along the Eden estuary side of Out
Head, the dunes and land behind is high and, although now protected by gabion baskets to combat erosion, artifici
feeding of the leach has resulted in local increases in dune height to 8 mOD. However,u@shthe dunes are absent
along much of the Eden estuary shore and, since the land isStpln{OD), flood protection to the lowying land behind

is provided by earthen embankmts. These embankments have failed in the recent past and have been reinstaiad

On the West Sands (the edsicing beach),hte fronting dune ridge i5¢9 mOD, although several lower areas occur within

the dune ridge that represent potential floodsk corridors Figure4).

P

Dynamic Coast
»w

!
" i
-

St Andrews Links Topography |
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OS aerial survey (May 2018) flown
for the Dynamic Coast project.
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Figure4 Topography, Bathymetrgnd key flood levels (mOB) St Andrews Links
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Natural Coastal Floo&rotection Features &t Andrews
Automated terrain analysis using the @@&L8 DEM and analysed & inintervals with key attributes noted is shown in

Figure5. These include the extent of dune ridges (topographic high points), potential flood corridpog(aphic low
points), the presence or absence of cliff features and the extent and volumaroéibfeatures at specific flood levels.
Whilst a range of key heights are available, the overall relative protective function of the dune cordon is perhaps be:
summarised by the dune width at 4 mOD. The importance of the 4 mOD elevation is relateslytduiure flood levels
combined with wave heights andfisrther explored within the flooding section belo{Figureb). Within the West Sands

the broader dune cordoincludes multiple dune ridges (green shading above) complement the flood protection features.

So, whilst there are relative weak points notes (orange and red dots) the actual protection is higher.

St Andrews Links Flood Protection Features

Dynamic Coast
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Figure5 Altitudes of food protection featureat St Andrews Linkshowing the extent of théune cordondr barrier) (shown by 4 mOD contour
Colour dots identifyransectswithin narrow sections of the dunes embankments (green dots wide, red dots nafow
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Pastintertidal Changesat St Andrews

Figure6 shows the observed changes in position of Mean Low Water Springs from Ordnance Survey mapping in 18¢
1981 and 2018, compareditlv the average low water position 2642018 derived fromCoast XRay Sentinel satellite
method). Coast XRay aligns well with the elevatiaterived OS MLWS, confirming foreshore lowering and landward
retreat of low water along the West San@od agreenent is also seemalong the current Eden channel in the ngrtiut

the Eden mouth is more complicatedth changing positions of ephemeral flood and ebb channel tidal. li2oast XRay

is evaluated further iMechnical Annex Work Stream 7 CoaXtRlay(www.DynamicCoast.com/reporis

St Andrews Links: Low Water Changes

Dynamic Coast
D
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[ T ]

OS aerial imagery (May 2018) flown
for the Dynamic Coast project
Crown Copyright (&DB rights)

2020 OS 100017908

1981-2018: 135 m retreat landward
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1981 Low Water

Legend
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- 2018

= 2016-2018 Coast X-Ray
1981

1981-2018: 40 m retreat landward

Figure6 Change tdhe lower beaclt comparison ofariousMLWSsurveys 1882, 1988 & 2018andLow water (80% water occurrence) from Coast
X-Ray.
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Changes to High Watet &t Andrews
Observed changes in the position of Mean High Water Springs derived from OS mapping in 1893, and the |

photogrammetric DSM in 2018 is showrFigue 7. Summarising the changes usthg two transectson Figure 7 shows
seaward advance ovdB893¢1981 along the entire West Sands shoreface, with&r2eaward shiftn the north(average
2.6m/y)and less in the souttthough towhat extent this is wholly natural or enhanced by human interferersteh as
dune infilling,is unknown The period 198;2018 shows a different story with advances being dramatically reduced to
only 21 min the north(average 0.6m/yand8 min the south Along the Eden estuary shoreface, part of which is protected
by gabions, shows much less variation in positlurther contextual changes for the St Andrews Links can be found in

the Dynamic Coast Cell 2 Report (www.DynamicCoast.com/outputs.html)

St Andrews Links High Water Changes P N Dynamic Coast

0 250 500 1,000 =/ o ;' aiy e —
I S \Vetres ; .

OS aerial survey (May 2018) flown
for the Dynamic Coast project.
Crown Copyright (&DB rights)
2020 OS 100017908,

1893 to 1981 = 228 m advance seaward
1981 to 2018 = 21 m advance seaward

1893 to 1981 = 165 m advance seaward
1981 t0 2018 = 8 m advance seaward

Legend

MHWS (2018) OS
Scotland_MHWS_1890_FINAL
~— Scotland_MHWS_1970_FINAL

Figue 7 Change to upper beachcomparison of MHWS.893 1981, 2018

Figure8 shows the DSM height change between 2013 and 2018 that allows quantification of surfaces losses of the fir
coastal dune ridge and intertidal foreshore. These show changes along the Wesw8eatd increase in heights, typically
of about 07 m, are found along the first dune ridge. This gives way, within a few hundred metres of Outlteadrthern

tip of the peninsula)to erosion of the dune and the upper beach that amounts ®rfilowering. The mid intertidal of
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West Sands gained about40m but the entire length of low water sands between St Andrews and the intertidal sand
banks north of Out Head lost@m in height.Despite the upper beach gains and management, foreshore steepening
(vertical lossegarticularlyat low water)is ofconcern as the foreshore (MHWS to MLWS) and nearshore (MLWS to wave
base typically 10mCRppears to be narrowingrhese areas provide a crucial role in absorbing storm wave energy and if
further depletedor lost a greater proportion ofvaveenergy is focussed on the upper beach, with increasing risks te land
based assetsand sostrategies that enhance thécal supply of sediment to the beach are likely to benefit the entire
foreshore.Within the Eden Estuary, gains were seen between 2013 b8l @f up to 17 mat Out Head and Z4.malong

the EdenEstuary east section, as well as increases of aboli han the fronting salt marsh that spans the Eden East
and Eden West sections. Beyond this into the Eden West, few changes in height were noted as this shore is artificially fi:
with an earthen embankment, but the saltmarsh shows height increase$ikely related to saltmarshreinstatement

work.

St Andrews: Foreshore & Dune Changes Dynamic Coast
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I OS aerial imagery (May 2018) flown

for the Dynamic Coast project

Crown Copyright (&DB rights)
2020 OS 100017908
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Elevation Change 2013-2018
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Figure8 Changes to foreshomdevation- comparison ofhe difference irbeachelevationfrom 2013 (Scottish Government Phase 2 L)dar2018
(OS BMfrom aerial imagery).

28



Adaptation and Resilience Options for St Andrews Links Dyn am | C Coast
(>

DynamicCoast.com @DynamicCoasts

S —

Dune Vegetation Edge Changes in St Andrews
Figure9 shows timeseries observed changes in Vegetation Edge positions betweenat®86P018 at St Andrews Links,

based on early mapping updated with recent aerial photography and ground survey. The trends shown largely mirror tk
changes in MHWS positions and shows gain along the West Sandgabentefrom recession of the vegetaticdge
south of Out Hea}] gain at Out Head and relative stability along the Eden Shore. These planimetric changes, showir

gains and losses of MLWS, MHWS and vegetation edge, help inform the volumetric changes in the intertidal and dune:

Figure 8.

Dynamlc Coast

ynamicCoast

o 500 1000 Metres
[ E—
OS aerial imagery (June 2018) flown
for the Dynamic Coast project
Crown Copyright (&DB rights)
2020 OS 100017908

Rate of veg change line is
measured from two vegetation
edge periods (April 2007 to
June 2018) both digitised from
aerial imagery.

Veg edge (year)
—2018
—2012
— 2011
2007
1850
Rate of veg change (m/yr)
>=2.00 (gain)
~1.00 - 2.00 (gain)
0.25-1.00 (gain)
-0.25-0.25 (stable)
-1.00 - -0.25 (loss)
===-2.00 - -1.00 (loss)
<=2.00 (loss)

Figure9 Vegetation edge change map$ $t Andrews Linkshowing observed edgé®m 1850, 2007, 2011, 2012, and 2018 and the rate of change
of distance between 2007 and 20T3une infilling accounts for some of this change.

Volumetric Changes across St Andrews
The elevation changes captured by DSMs depicted in Figure 8 aboveaitageannual volumetric change rates to be

calculated for the period 2B¢2018.Figurel0 demonstrates gains in volume experienced by the upper beach and dunes

along most of the West Sands frontage, with the exception of a small area of erosion south of Out Head. The volum
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relate to different landform units witin the management units indicatl on the figure. Nevertheless, the losses
experienced along the lower foreshore are clear enough as is the gain of sediment at the Eden side of Out Head as wel

the gains within the Eden intertidal area that is saltmarsh dominated.

St Andrews: Foreshore & Dune Changes
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Figurel0 Comparison of rates @blume chang®013;2018 bylandform unit within each management unit, both outlined in white. Erosion
depicted in red and gain in green (S&gpendixXTable A.

Since 2010, thgVest Sands Partnershipyeembarked ora campaign of duneepair and resilience workbat has both
maintained andmproved visitor accesd his has involvefincing off areas of dundsr replanting and partially infilling
and replantindow areasand duneblow-outs. Undertaken indiscretephasesthe workstogether mark the largest known
dunerehabilitationprogram in Scotlandith over 18 km of duneenhancenent involving23,000m? of dune creationto
date 018, with sand mainlysourced from the licenceéxtraction site at Out Headlhe West Sandgiunes have
accululatedover 7,000m3 between 2013 and 201&rgely on acount of this interventioWithin the Eden Estuary,
saltmarsh plantingvorks haveresulted in over 500 Aof new saltmarsh withithe enhancement sites, joined by a further

unmareged gains ofL,300 m2 on adjacent shoréEigure 11)which may at least be partly a secondary benefit of the
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sucessful planting on adjacent shores (via local atthuation of waves and curf€hése areas arbased on aerial

photographyand represent amnderestimate othe enhancemengextent.

St Andrews Links habitat management and natural changes Dynamic Coast

Map shows resilience measures along 1,800m of the ’I“J'
West Sands (dune feeding, fencing and planting).
It also show beach and dune feeding on the Eden )
dunes, extending 300m. Y

A selection of GreenShores salt marsh enhancement Il ”'k’, ,gl’CCIl
sites are also shown within the Eden Estuary. R SHORES
Analysis from aerial imagery which may underestimate
the areas enhanced.
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Legend
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Figurell Habitatmanagement and naturathanges within and adjacent to the St Andrews Links

FutureShorelind°rojections
Future projectionmationallyare based on the Modified Bruun Ruéth the CoSMoSCOASModel used for datarich

sites(see methods abovegnd projected forward based on UKCP18 Representative Concentration Pathway 8.5 (UKCP1
RCP8.5) using the 9% estinate,. The coastal changimcorporate shore face gradiesand calibrated with recent coastal
change data (which reflects/assumes continued sediment supply from the immediate hintardralongshorg These
anticipated shorelines are not intended to baiable detailed predictions, but a precautionary future scenario to inform

the possible scale of change.

Using the modified Bruumethod, Figurel2 showsan estimate of he anticipated future positions of MHVWSSt Andrews
in 2050 and 2100This calculatioshows that relative sea level risg¢ 0.92m by 210§UKCP18 RCP8.5"95)is likely to

result in~760m landward retreat (erosion) near Out Head by the end of the century. The intervening rates and amount
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of erosional loss ialsoshown by time stampi Figurel2. Underl WR2 y2 i KAy 3 & OS yeadlkodld { f
return the peninsula towardss 18" century extent, withextensivelosses to the migsection of the Jubilee Courdgnder

the same scenario erosion issues are anticipated orsthghern sections of the West Sandese to the Swilcan Burn
mouth. Thenationalmodelling undertaken focussen the open and inner shores at St Andrews Links, as such salt marsh
shoreshave2 i 0SSy AyOf dzZRSR® ¢KA& Aa y20G 06SOFdzasS altd YI N
because there are very no rapidly deployable simple methods for salt marsh evolution to account for sea level. As su
erosion may be possible within SN & ¢ KA OK K I @S yntadditian Sabrypt cvighdgesS if €o&sRatientation
occurthen model overpredicton producesodd contour returns, e.g. contours athe tip of Out Head is merely a model

artefact

Dynamic Coast

§ By 2050: -250m (-8.8 m/yr)
‘ // By 2100: -760m (-11 m/yr)

St Andrews Links: Anticipated Coastal Erosion
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OS aerial imagery (May 2018) flown
for the Dynamic Coast project
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2040 -82.7 -8.2 -0.4 0.0 -25.6
2050 -88.2 -8.8 5.3 -0.5 -30.0
2060 -93.1 -9.3 96 -0.9 -34.0
2070 -89.0 -9.8 -14.8 -14 -38.7
2080 -102.9 -10.0 -18.4 -1.8 -42.0

-107.3 -10.0 -22.3
-110.7 -25.3

Legend
——2018 (OS DSM) MHW S
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— By 2050: -75m (3.0 mlyr) N
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S

Anticipated shoreline position modelled
from the Modified Bruun Rule algorithm
for future sea level rise based on
UKCP18 RCP8.5 at 95th%. Open
coast only (i.e. West Sands)

Figurel2 Anticipatedcoastal change Modified Bruun Rul®HWS

The retreatof MHWS on the beach is normalyccompaniedby the undercutting of vegetation at the coastal edge,
especially where any duneegetation (or saltmarsh vegetation where present) is damaged. This vegetation edge

essentially marks the common perception of erosion of the land and its assets, due toalandetreat of MHWS.

32



Adaptation and Resilience Options for St Andrews Links

ynamic Coast

DAY,

However, there is a mean lateral offset3d m between MHWS and the vegetation edgeSt Andrewsandthe latter

can beused to project the modified Bruun MHWS predictions inland to provide insight on the timing when the un
vegetatedand dynamic beach is anticipated to arrive at the position of any landward.a&3setall, this adjustment
anticipates recessioat a given time to be further inland than that predicteg the modified Brunn Rule on its own. A
detailed view of each decadegetation edge prediction using this method can be seeRigarel3. Figurel3 shows the
anticipated position of the vegetation edge modelled from the modified Brulmand projected forward to 2100
(thickgreenline).lt is clear irFigurel3that within the next 50 years the coach park and road along the links are affrisk

coastal erosionunder aédo nothing scenaro.

Figurel3 Anticipated coastal changeModified Bruun Rule Vegetation Eddrates shown are the sameRigurel?2, the vegetation edgéereis
offset from MHWS andssumed taetreat at the same rate.

Figure 14 compares the shorelinedhigure 13Jepictsthe anticipated erosion and coastal evolution of St Andrews using

a different model: the Coastal Odime Assimilated Simulation Tool of Ca83/C OAS{Vitouseket al., 2017). CoSMeS

33







































