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ABSTRACT

Coastal margins arexposed to rising sea levels thatesent challenging circumstances for
naural resource management. This study investigates @xaraple oftectonic displacement
caused by &thquakes that gersgedrapid sedevel change in a tidal lagoon system typical of
many worldwide. TIs thesis begis by evaluating theoastal squeezeffects caused by
interactions between relative skeael (RSL) rise and the built environment of Christchurch,
New Zealandand also examples of release from similar ¢fféc areas of uplift wherkand
reclamations were alreggpresent Quantification of area gains and losses demonstrated the
importance of natural lagoon expansion into areasudhble elevatiorunder condions of

RSL rise and showed that they mayrmressarto offset coastabqueezelosses experienced
elsewhere. hplications ofthesespatial effectanclude the need to provideccommodation
space fomatural ecosystemmder RSL riseyet other lanelises are likely to be present in the
areas required. Consequently, the resilience of these environments depends on facilitating
transitions between human landeseither proactivdy or in response to disast@vens.
Principlesillustrated by ceseismicsealevel changeare generally applicable to climate change
adaptatiordue to thesimilarity of inundationeffects.Furthermore, they highlight the potential

role of nonclimatic factors in determining the overall trajectory of change.

Chapter 2quantifies impacts on ripaan wetland ecosystems over an eigbar period post
quake Coastal wetlands were overwhelmed by RSL rise and recovery trajectories were
surprisingly slow. Four risk factorswere identified from the observed changd3:the
encroachment of rdhropogenic landises,2) connectivity losses betweemeas of suitable
elevation, 3)the disproportionate effect of larger wetlamanerabilities and 4) the needto
protect new areas to ddressthe future movement of ecosysten@hapter 3evaluates the
unique contekof shoreline management orbarrier sandspit under séavel rise. A linked
scenario approach wased to evaluate changes on the open coast and estsharedines
simultaneouslyand consider combineeffects The results show dune loBsm a third of the

study area using aealevel risescenario of 1 m over 100 years and withntinuation of
current laneuses. hcreased exgsure to natural hazards and accompanying demand for
seawalls is a likely consequengsless atural alternativesan be progressl In contrast, a
example of managed retreafollowing earthquakenduced subsidencef the backshore
presentsa new opportunityo restart saltmarsh accretion processes seaward of coastal defences

with the potential toreverse decades afegradation and build sdevel rise resilience



Considering bothshorelins simultaneously highlights the existence of pipomts from
opposing forces that result in smihd volumes above the tidal range. Societal adaptation is
delicately poised bet@en the paradigms of resisting or accommodating natudtehallenged

by the long perimeter and confined natur¢hefsandspifeature

The remaining chapters address the potential for salinity effects caused by tidal prism changes
with a focus onthe ebs er v at i o Galagids macolays g eultufally important fish

t hat supports New Zealandds whitebait fishe
hypothesis that RSL changes would drive a shift in the distribution of spawningvites
implications for their managemenChapter 4 describes a new practical methodology for
quantifying the total productity and spatiotemporal variability of spawning sites at catchment
scale. @apter 5 describes thaovel use of artificial habitats as a detectitwols to help
overcome field survey limitations in degraded environments where egg mortality can be high.
The results showed that RSL changes resulted in major shifts in spawning locations and these
were associated with new patterns of vulnerability dughé continuation of prdisturbance
land-uses. Unexpected findings includes an improved understanding of the spatial relationship
between salinity and spawning habitat, and identificatiorarofinvasive plant species as
important spawning habitat, bothttv practical management implications.

To conclude, the design of legal protection mechanisms was evaluated in relation to the
observed habitat shifts and with a focus on two new planning initiatives that identified
relatively large protected areas (PAs)the lower river corridors. Although the larger PAs

were better able to accommodate the observed habitat shifts inefficiencies were also apparent
due to spatial disparities betweleA boundaries and the values requiring protection. To reduce
unnecessaryradeoffs with other laneuses, PAs of sufficient size to cover the observable
spatiotemporal variability and coupled with adaptive capacity to address future change may
offer a high effectiveness from a network of smaller PAs. The latter may be infognexdh
monitoring and modelling of future shifts atiteseare expected to include upstream habitat

migration driven by thédentified salinity relationshipandeustatic sedevel rise.

The thesis concludes with a summary of the knowledge gained fsmeisearch that can
assst the development oh new paradigm of environmental sustainabilitgorporating
conservatiorand climate change adaptatideveral promising directions for future research

identified within this project are also discussed.



THESIS STRUCTURE AND CONTRIBU TIONS

The thesisconsists of seven data chapters presented in two parts followedymthesisof

new contributions and suggestions for further resedpelt 1 addresses physical changes
resulting from theCES with a focus on he quantification of ground level movements and
associated relativeealevel changescross the wider study area and with particular attention

to spatiotemporal variance using high resolution technideas. 2 addressesalinity effects
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STUDY DESIGN AND CONTEXT

Over recent decades the conservation of coastal margins has become increasingly difficult
alongside humangpulation growth andanduse intensification. In part, these trends reflect

the popularity of coastal areas for people though also illustrate daraetproved attention to

the sustainability of modern development. Climate change poses an additional and pervasive
threat that will be difficult to accommodate in many lywng areas due to the effects s#¢a

level rise Likely changes include new patts of coastal erosion, tidal inundation and
exposure to watdborne extreme eventgith widespreagotentialfor negative effects on both

built and natural environment$he concept of ecosystebased adaptatiois one of the so

called naturébased solutins that involve working with natural ecosystems to overcome
societal challengedn contrast tohard engineering paradigms with a focus on taming nature
these approaches promote the maintenanceservice®f natural ecosystems including their

potentialroles as natural defences.

Despite these promising holistic frameworkise severity of climate changesuggests that
solutionswill lie predominately outside of the bounds of direct experience. As a consequence,
society faces an urgent need for innovationmprove its capacity to manage climaéated

risks. To helpinform these challenges undertook a programme of observations, experiments,
and modelling to investigate an extreme disturbance event that offerecenguekalinsights

for both disasdr recovery and climate change adaptatibmvolved arare situation of relative
sealevel change (ca. 0.5 m) associated with vertical displacement of the coastal environment
during the Canterbury Earthquake Sequef@eS)in the city of Christchurch, &v Zealand

(Fig. Al). There have beerfew studiesof tectonic displacemeni contemporary aquatic
environmentsand similarly few studies of rapidealevel rise events due to their limited
occurrenceFrom these perspectives the CES represented a unigoetanityto improve the
understanding ofearthquake effects on coastlinaad identify linkages between disaster

recovery anctlimate change adaptatiamrelationto relativesealevel rise

Impacts were assessidm asocicecologicalstandpoint inwhich physicalchangesandthe
role of anthropogenic contributing factors were each evaludtbd. process of idaster
recoverywas investigated as a contektr climate change adaptatioadding an additional
dimersion tothe evaluation ofmpacts and pential responsedn this case disaster recovery

initiatives included government acquisition of previously residential land in two areas of very

Xi



different scale and environmental settirappd the reinstatement gdre-disaster landises
elsewhereThese colemporary management contexts are characterised by diverse stakeholder

interests typical of many communities facimgtural hazards ardimate change.

Two major impact themes were followed, shoreline position changes and salt water intrusion
effects both of which are pervasive drivers of change. Tésearchvas organised around a
primary casestudy area (the Avon Heathcote Estuary Ihuaaidl subsidiary cases defined by
characteristic natural environments and current conservation priofitiese encopassed a
variety of conceptual and geographical scales to include: the estuary and barrier sandspit
landforms at the natural feature and landscape scaleianpaetlands and intertidal zonation
at the characteristic ecosystem sgand spawning habitdior a culturally important fish
(Galaxias maculatysat the speciespecific scaleEach of these environmenivas expected to
be impacted by relative séavel changes induced by tectonic displacemémbugh the
magnitude and detectability of these chesig/as initially unknown.
\.

P S

Managing sea level

change in aquatic
boundary evironments

L ]

Unique situation of
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Fig. A1 Overview of the research programme for evaluating relativdeseh changeeffects of tectonic
displacement caused by earthquakes in Christchurch, New Zealand

Xii



PART 1

SHORELINE CHANGE ANAL YSES

Part 1 of the thesisnvestigatesthe phenomenon and consequenoésshoreline position
changs that arose fromectonic displacementand similarly, are an important aspect of
adaptation taclimate change. Thehtee studiesre each exploratory in nature and deal with
differert thematic and geographical scales within the overall context of a linken»
ecological systenresponding toa pervasive disturbancéhe studies were conceived and

designed sequentially building on the resultthefinitial investigations

Chapterl presentsempirical observations of environmental chamgetaining to the Avon
Heathcote Estuary lhutai asnatural featureand ecosysterthat is the subject of protection
under current policy and law. The key themes in this paper are the quantifichtioound

movements and shoreline position changes in relation tolesads together with the
characterisation of spatiemporal variability in the observed patterof change. The
methodologies employed are underpinnedh®availability of high resaltion spatial datasets
that cover a considerable period pdsaster and include comparable datasetpresentative

of pre-earthquakeonditions.

Chapter 2 etends the theme of relative skexel and shoreline position changes to examine
consequence®f coastal wetlands and the considerable ecosystem services they proeide.
methodologies employefbcus on landscapgecale aspects through the use of geospatial
analyses to detect and quantify spatiotemporal varigaaoss the study system as a whole
before exploring specific mechanisms of change at the scale of individual wellanaiddress
the potential for lag effects ithe vegetation responglee temporalaspecs of this studywere

extendedo as late as possible in the research progra(reselting inthe 2019 data point

Chapter 3 builds on these considerations to consider the unique challenge of shoreline
managemenbn anestuarinearrier sandpitThis study isone of fewwe are avare of that have
addressed the conservation mérirurban sndspis despite these being relatively common
worldwide. The methodologies employed extend the baseline and transect anabgasthe

above studies to simultaneously consider both amerst and estuarine shoreline scenarios

undersealevel rise
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Abstract

We investigated the response of a tidal lagooresysb a unique situation oflativesealevel
change induced by powerful earthquakes (up {p7M\M) on the east coast of New Zealand in
20102011. Spatiotemporampacts were gquantified ovdive years postarthquake using
airborne light detection and ranging (LiDARpatasets complementedy hydrodynamic
modellingand evaluation of anthropogenic factaBoundlevel changesncludedexamples of
uplift and extensive areas of subsidefa® 05 m). Consequenceincludeda reduction ofotal
intertidal area and compression of the supratidal zone, both associdkedh&iloss of
important habitat Uplift reversed theeffects of coastal squeezeaused byprevious land
reclamations in the intedal zone Subsidencen other areasesulted innew coastal squeeze
examples.Quantification of area gains and losses demonstrated the importance of natural
lagoon expansion into areas sifitable elevation and showed that they mayéeessar to
offsetlosses frontoastalsqueezeclsewhereThe combination of intertidal areaductionsand
shallowingsuggest tidal prismchangeghat mayalter salinity andirive further habitat shifts
These empirical observations highlight the influencarghropogenidactors on the outcomes
of rapidsealevel changs and themportarce ofthe disaste recoveryprocess as a context for

climate changadaptation
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Keywords
Resilience, risk, impact assessmentoastal squeezedisaster recoveryclimate change

adaptation

1.1 Introduction

Coastal river mouths and estuaries are characteristic natural features supporting highly
productive ecosystems, important biodiversity and a wealth of natural resqiemsish

1986) Their benefits include food, coastal protection, recreational opportunities, water
filtration and many other ecosystem servi@@sndleton 2008; Thrush et al. 201Bfonomic
evaluations have shown their high value to soqBarbier et al. 2011; Costanza et al. 1998)
underpinned by the popularity of coastal floodplains for humas aisé settlemerftichter et

al. 2011; McGranahan et al. 200Dnfortunately, the integrity of estuarine environments has
also suffered from anthropogenic effe@{®nnish2002) Pervasive issues include hydrological

and morphological changes associated with nearbydaad and the cumulative effects of land
reclamation within the intertidal zor{®uarte et al. 2015; Perkins et 2D15) These aspects
illustrate a need for conservation measures that address both local spatial planning and

catchmentwide landuse trends.

Whilst accommodating dynamic natural environments is already difficult in heavily populated
areas, climate chge introduces a further considerable thr@daartinez et al. 2007)Under

sealevel riselow-lying landscapes may be eliminated if the landward retreat of erodable
shorelines becomes constrained by anthropogeffiasinucture such as engineered coastal
defenceqBerry et al. 2013; Chapman 2012; Robins et al. 2016)Speci fi ¢ t hr eat
squeezed situati ons i rdependeheecosystems seaveaiklduahn o f
defences, and drowning as a result of exposure to inundation. In both cases, constraints on
natural system movement underpin ecosystem risk and are often anthropogenic in origin
(Martinez et al. 2014; Schigner 2008) Despite this, built infrastructure is amenable to
improvement through desigiMacreadie et al. 201 4nd may include the use of natlrased

solutions to help overcome societal challen@shenShacham et al. 2019; Kabisch et al.

2016) Such solutions include the concept of ecosydtesed adaptation, defined as
Radaptation that i ntegrates ecosystem servi
adve se | mpact s o (Renaud etmla20ks; UNBPa201dDbadenges, however,

include the need for strategies to begin the process of adaptation planning and the identification
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of solutions are both workabl®r affected communities and effective in accommodating

natural ecosysten(8ardsley & Sweeney 2010; Fussel 2Q07)

In this study we investigated a unique situation ofleeal change associated with a tectonic
displacement event. A defining feature of this case involved large areas of subsidence with an
accompanyingealevel rise(ca. 0.5 m) that affected coastal communities and generated long
term environmental change. The context provided a novel opporttorityhe empirical
assessment of impacts and evaluation of contributing factors in-giluyvsocicecological

system typical of many facing the global challenge of rising sea levels.

1.1.1Tectonic displacement conte»

The Canterbury Earthquake Sequence (CHS®plveda series of strong earthquakes (up tp M
7.1) beginning 2010 on the =east coast of N
earthquakeccurredon 22 February 2011 beneath the city of Christch(ifal 11). As one of
New Zeal an dudabkdisastersitscaused 485 fatalities andamagesestimated at
NZ$40 billion, or approximately 20% of the Gross Domestic Prodkeiser et al. 2012;
Potter et al. 2015)Three other earthquakes exceedeg 8D, all on previously unrecognised
fault lines(Beavan et al. 2012; Bradley et al. 2014)ong with catastrophic effects douilt
infrastructurethe CES causeskevere impacts on the natural environment. Many okthese
associated with surface deformation phenomeémeuding liquefaction, lateral spread,
subsidence and landslidé3uigley et al. 2016; Robinson et al. 2012; Zeldis et al. 20dahy
residential areas werefafted by increased flood risk associated with subsidence and coastal
defence breaches, particularly in the east of the(Eitigheset al. 2015) Societal responses
includedcentral governmerdacquisition of thousands of residential properélesgthe estuary
shoreline and lower rivercorridors creating a rare opportunity for reconfiguring the

relationship between people attng aguatic environmentOrchard 2017a)

This study investigates disturbance and resilience aspetit® earthquakenduced change
Our particular focusvas the identification of lorterm effects on thequatic margins and
footprint of the Avon Hethcote Estuary Ihutai, a tidal lagodypical of many worldwide
(Hume et al. 2007)Complications for gaining eomprehensive pictu@isefrom the lag times
of responses and the potential forther timevarying effects associated witshysical change.
Initially, the latter weresignificant due to the high frequency of aftershocks and associated

further land movementand erosion effect§Beavan et al. 2012; Quigley et &013) To
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address thiswe collected data over a considerable period as conditions stabilised. The
magnitude and frequency aftershocks have generally de€lthsince 2011, with the exception
of a 5.7 My earthquake on 14 February 2016.

In this paperwe provide a comprehensive overview of relatsealevel changesshoreline
movements, and impacts on the extent of intertidal areas associatéectatiic displacement

We draw conclusions for the managementseilevel rise derived fromdirect empirical
analysis, and discuss natural disaster recovery and climate change adaptation (CCA) principles

that may be identified from this case.

1.2 Methods

1.2.1Study aree

The study area is within the city of Christchurch on the east cohst New Zeal ando6s
Island(Fig. L1) . The estuarine system includes two r
and Heathcote @pUwaho) and several smailler t
Thelagoon is aarrierbuilt systemenclosed by a 1Bm longbeach and sahspit formation.

In recent history it has begrermanently open to the Pacific Oceaa anentrance channel is

located in the southern corner of Pegasus, Baghallow embayment 54 km lomgtending

north from Banks Peninsuld@icks 1998; Kirk 1979)The estuary supports a wide variety of

native birds, fish and invertebrate species, and imdige plant communities including
seagrass meadows, saltmarsh and other coastal wetlandXypes & Marsden 200. It is an

important site for shorebirds and migratory waders, supporting aggregations of at least 13
specieexceethg the 1% intenational importance threshottkfined by Wetlands International
(Crossland 2013Pelaney & Scott 2006)We have adopted hilingual naming for major

aquatic featurebecausehte estuaryis of high significancet o  Mfdrontalinga kai(food

gathering), and other traditiongtactices J ol |y & NgU Papati pu RInas
2013; Tau et al. 1990)However, esidential and industrial developmt has hadadverse

impacts on cultural valuesgspecially those dependant on thwintenance ofnatural
ecosystemsand traditional resourcékang et al. 2012; Pauling et al. 200&)large proportion

of the estuarine shoreline has been modified by seawalls and stopbanks, some of which are

asseiated with a sewage treatment facility on the western shore (E)g. 1
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Fig. 1.1 Configuration of the AvofHeathcote Estuary lhutai and surrounding area in Christchurch, New
Zealand, showing the position of key natural features, coastal defendesarshquakémpacted land that
was acquired by the New Zealand government after the Canterbury earthquakesic2@0IL0

1.2.2LiDAR data and digital elevation models

Shoreline change was investigated using geographic information system (GIS) analyses of
digital elevation models (DEM) derived froiDAR datasets. Four datasets were available
with complete coverage of the study ar€heseanclude a prequake (2003) dataset and others
captured after key events in the CES (Tahlk)l Bare earth DEMs represtamy averaged
groundreturn elevationsvere included in the LiDAR productst 1 x 1 m resolution for the
2015 survey, and 5 x 5 m resolution for all oth@@anterbury Geotechnical Database 2014;
LINZ 2017). Identical DEM configurations were developed by reprocessingdh® REM to

5 m resolution. Evation errors have at least three gaments that include localdgependent
interpolation errors, potential geoid errors, and measurement errors in the underlying LIDAR
point cloud. However, the 5 m DEMs have relatively high accuracy due to the quantity and
geographic spread of point elewats captured in the source data. Tablé ghows the
estimatedhorizontal and vertical accuradygr each datasetxcludingGPS network error and
approximations within the New Zealand Quasigeoid 2009 reference surface whila ha

vertical accuracy of +0.08 (Canterbury Geotechnical Database 2014)
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To investigate inundation patternstire lower intertidal zone we used DEMs developed from
echosounder surveys covering areas of the estuary and river channels that wergeslibme
during the LIDAR surveys and therefore not captured. Although only two such DEMs were
avalable due to the limited collectiarf bathymetric data over the CES, they are representative

of pre and postearthquake conditions. Each DEM was generatedgusiangular irregular
network (TIN) interpolation constrained with manually digitised byéads following the

main estuary channels to preserve channel connectivity and minimise interpolation artefacts

(Measures & Bind 2013Data sourceare provigdd inSupplementary Material (Tablel S).

1.2.3Shoreline chang:

Shoreline sampling transects welevelopedt si ng t he AMBUR package (f
Boundaries Using Ro0) for detecting movement
(Jackson et al. 2012A baseline was developed frothe Land Information New Zealand
(LINZ) 1:50,000 coastline polylinand smoothing to improve fit with.075m aerial imagery

(LINZ 2016). A set ofperpendicular transects (n=1428) were cast ah Hpacing from a start

point atthe southern estuary entrandeaf. 43° 56" S, Long. 172° 75).Hransect lengths were
adjusted tocover all areas opotential tidal inundation(Fig. 1.2a). At river mouths, the
sampling area was confined to the confluence with the main tidal lagoon baisitbr&akpoint
approximates the Coastal Marine Area boundary, an important jurisdictional division within
environmental legislationOrchard 2011) Groundlevel changes werassessed byoint
sampling ofthe DEMs at 1 m spacing on the sampling transects followed by differencing.
Spatial vartion was investigated by grouping transects within five contiguous zones
(Southshore, South Brighton, Bromley, Ferrymead and Redcliféflecting changes in
shoreline aspect and proximityriwer mouths (Figl.2a).

Shoreline position changes werdccgated for two tidal heights of particular intetedighest
Astronomical Tide (HAT) and Mean High Water Springs (MHWS). These were delineated as
orthographic heightsT@ble 1.1) obtainedfrom the average predicted values oaefull 18.6

year tidal cyak 20002018 at Port LytteltonLINZ 2018a) For MHWS the yearly varian is

0.1 0.15 metresusing currentpredictions (1 July 201830 June 2019)The currentMHWS

height is 2.6 m above chart datum, or 0.11 m above the mean value for the full tidal cycle
(LINZ 2018b) These considerations do not affect HAT which is based on the full cycle.
Shorelineposition changewere quantied by extraction of #1 MHWS and HAT heightdom
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each DEMfollowed by cortour andintersection aalysis on the sampling transechanges

were measured as seaward or landward movement relative to the baseline.

1.2.4Tidal inundation

Supratidal area changes were assessed for the four DEMs using the elevation band bounded by
MHWS ard HAT (Table 1.1b). Upstream freshwater regions were removed from the analysis

by clipping at the limit of salt water intrusion as measured in field surveys on spring high tides.
All DEM analyses assundegfull connectivity between adjacent hydrological oasiregardless

of engineered modifications such as tidal gates and seawalls. Due to extensive earthquake
damage to such infrastructure, this assumption approximates the actudispetdr context

and provides an assessment of potential inundation thiamrgtectivity improvements.

For midlower intertidal ranges where water surface slope and hydrological connectivity can
strongly influence the inundatiaregime we used a calibrated Delft3D hydrodynamic model
based on the bathymetric DENIgleasures & Bind 2013)T'he modelextends 15 km into the
openoceanand hasa curvilinear grid with horizontal resolution och.c20 m within the rivers

and estuary basifFig. 1.2). Each grid cell is split into fiveertical layers, with layer thickness
proportional towater depthPre- and postearthquake versionare identical apart from the
DEM used to assign the bed level within each @&léasures & Bind 2013)Month long
simulations were computed using tipee and postearthquake models to quantify changes in
inundation. Both simulations modelled identical astronomic tidal conditions and median river
fows(Avon &t Okmf 9, =H&a®6Bc ot em’skfiidimponanmt tonot@tha? 7
the modelextentdoes not include all of the floodable intertidal areas in the estuary catchment.
This results in an underestin@ti of potential inundationin the upperintertidal range,
particularly above MHWS. The static DEM analyses are therefore more reliable for the

investigation of changest these higher elevations.

1.2.5Data analyse:

Raster analysis was used to quantify spatiotemporal changjes @evation bandsf interest

with differencing between rastets quantify ground level changes over time. Summary
statistics were calculated for shoreline position changes on the sampling transects. Differences
were identified using KruskalVallis rank sum tests for indepdent variables of time and

locality followed by post hoc pairwise tests where there was a significant movement relative to
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the preearthquake (2003) baseline. Hydrodynamic modelling outputs wergmesssed to
calculate the bed area inundated for etiéht proportions of time under prand post
earthquake conditionsand summarised for the five main basin localities and additional
upstream portions of the twmajor river catchmentgFig. 1.2a). Geospatial analyses were
conductedin NZTM 2000: ESPG 213 projectionusing QGIS v 2.1§QGIS Development
Team 2017)Satistical analyses were conducted in R v3(RZore Team 2017Model post
processing was conducted in MATLAB using functions from the OpenEarthTools repository
(httpst/publicwiki.deltares.nl/display/OET/Todls

Table 11 Data sources.

(a) LIDAR datasets and specifications.

Timing in Accuracy
9 Major earthquake LiDAR acquisition . L ) specification
earthquake . u Supplier Commissioning agencies
events in period  dates (m)
sequence ) .
vertical norizontal
P th ki / 6-9 Jul 2003 AAM Brisb +0.15 +0.55
reearthqua na u risbane Christchurch City Council
Post Darfield 7.1 M, . . . .
) 20-30 May 2011 AAM Brish. Christchurch City C | +0.07  +0.55
February2011 Christchurch 6.4 ay risbane ristehuireh Sty Lounct
Post . New Zealand Aer -
Christchurch 6.2 2-3 Sep 2011 . Earthquake Commission +0.07  +0.55
June2011 Mapping
Post

. Christchurch 6.1 5 Oct7 Nov 201! AAM Brisbane Canterbury Regional Counc +0.20  +1.00
December 20!

HBeavanat al. (2012) December 2011 magnitude represents combined moments of the two largest tremors.

(b) Conparisonof tidal and benchmark heights at the Standard Port of Lyttelton (Lat. 43° 36°S., Long. 172°
43E) against chart datum and two vertical datimwurrent use. LVD37 = Lyttelton Vertical Datum 1937,
NZVD = New Zealand Vertical Datum 2016.

Orthographic heights (m)

Tidal level or feature I SA3IKG 6298 |/
LVvD37 NzvD2016
HAT 2.72 1.479 1.072
MHWS 2.49 1.249 0.842
B40V geodeticeference mark 4.478 3.237 2.83

"LINZ (20184, 2018b)
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1.3 Results

1.3.1Ground level change

Relative to prequake (2003) conditionsesultsfrom individual samplingpoints (n = 475,000)

showedmore uplift than subsidence andarked differences between localiti@sig. 1.3).

Subsi

dence occurred in

the South
2011, though this had reduced 2¥15.Here, and in other areabge resultalsoillustratel the

Brighton

ongoing nature of change in relation to key time periods in the @&8ighting the difficulty

of drawing conclusions from singular befeafter comparisons. Largegariations in the
measurecchanges were seen in some areas, particulamBenicliffs which is located at the

foot of prominent hillslopes(Fig. 1.3). This reflects the elevation signature bbérizontal
displacemerst on sloping ground that cannot be separated from the assessment of vertical

movementat point coordinatesHowever theseeffectsare unlikely to affect shoreline change

analyses due to the relatively flat topography of intertidal areas.

15 A

0.5 A

Elevation change (m)

-0.5 A1

-1 -

Fig. 1.3 Mean ground surface elevation changes relative to 20&% Avon Heathcote Estualyutai for
five contiguous localies on the shoreline of the tidal lagoon basin. Error bars represent one standard
deviation. These results were obtained by differencing of ishaé¥ sampling points (n = 47#)0) located

Bromley Ferrymead Redcliffs Sl%

B

g

on shoreperpendicular transect lines around the estuary perimeter.

T(in Soutqsh%re

02011May
02011Sep
@20150ct
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Coastal tectonics and fijmg points

1.3.2Shoreline movemen

Large movements were detected in the position of-goske versus prguake shorelines.
Changes of over 500 m seaward were recorded for MHWS andddAmdividual transest
Landward shifts were also recorded to a maximum of 268rnrvIHWS and 182 m for HAT

(Fig. 1.4a). Shorelinechange was significantly different between localities for both MHWS
(KruskatWallis 6% = 107.86,df = 2, p <2.2e16) and HAT (KruskaWallis ¢ = 88.67,df= 2,p
<2.2e16), with several pronounced trends being evidéttFerrymead, large seaward shifts
were recorded for MHWS and HAT (Fid.4a), with the majority of movement having
occured by May 2011 as reflected by mean shifts of 161 m (HAT) and 154 m (MHWS)
relative to 2003. At Southshore and Redcliffs the 4opstke positions wereconsistently
seaward of the 2008horelinebut the movement was less than at Ferrymead 8O m).

Souh Brighton and Bromley shorelines experienced little change on average relative to 2003.
At South Brighton this was associated with large variances in the magnitude and direction of
shifts on individual transect lines, whereas at Bromley little changereesded on most

transects due to the influence of shoreline armowxinigh is extensive in this ar€gig. 1.4a).

Mean shoreline change for the estuary as a whole was in a seaward direction for both MHWS
and HAT shorelinesAt all three postjuake tine points, seaward movement in the HAT line

was greater than for MHWS (Fidl.5). Shoreline position differences after the major
earthquake of February 2011 (represented by May 2011 data) were significant for MHWS and
HAT (p < 0.001). Wilcoxon pairwise comapisons for MHWS also showed that the -grmint

position (October 2015) was significantly different from the May 2011 posipon @.001).

HAT changes conformed to a similar pattemdthough statistical analysis showed no
significant differencef = 0.8]) due to greater variation on individual transect lines (Ef).

These temporal effects are interpreted as a modest expansion of the tidal lagoon basin between
2011 and 2015 that has reduced the initial contraction caused by the F&trltagarthquake

The same general trend can be seen in temporal pattern at most of the individual locations (Fig.
1.4Db). However, these effects were not always directly proporttortake ground level changes
shown in Fig.1.3. For example, mean ground levels in 2015a@ithshore followed a trend of
continuing subsidence whereas shoreline movement was in a seaward direction at the same
time. This is potentially explained by the weathering of erodable surfaces accompanied by

accretion at lower elevations.
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Fig. 1.4 Patern of movement of two shorelines (HAT and MHWS) during the Canterbury Earthquake
Sequence (CES) at thevdn Heathcote Estuary lhutai. YBox plots showing the total range of shoreline
changes recorded at three pggtke time points for five estuaringchlities relative to the July 2003 (pre

quake) position. Boxes show the da@n and interquartile range. XBMean shoreline position changes
relative to 2003 for each of the three points in time. Error bars are one standard error of the mean. See Table
1 for relationship to major tectonic events. Note different scales on the Y axis between (a) and (b). HAT =
Highest Astronomical Tide. MHWS = Mean High Water Springs.
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1.3.3Intertidal area changes

Based on thenost recent time point (2015), the total estuarine area below HAT has reduced by
54.7 ha, and 33.4 ha for MHWSable1.2). The HAT-MWHS difference implies compression

of the supratidal zone of around 21.4 ha (represented by the area bounded by HAT and
MHWS). However, there were pronounced differences between time periods over the course of
the CES with expansion evident between May and September 2011 but contraction at other
times. In comparison to other localitiehanges in the Avon area ma&edisproprtionate

contribution to the net overall impagtig. 1.6).

Impacts of themajor February 2011 earthquake included reductions in the area below the
elevation of both HAT and MHWS in Ferrymead and Heathcote, consistent wéth th
dominance of uplift effectsowardsthe southwes{Fig. 1.6). At the same time there were
increases in the Avon area, consistent with subsidence eftether north. $stemwide
impacts are explained By combination of tiltingand adominance of uplifin overallground
surface placements, leading to reductions of 44.5 ha in the area below HAT, and 22.6 ha for
MHWS (Table1.3). In the next time period (Maly September 2011), large increasesre
observed in thé\von &t U kamea(d44.5 ha below HAT, 117.6 ha for MHWS), and small
increases elsewhere, consistent with widespread subsidence. Relativejtak@g2003), the
intertidal area was 139 ha largerdamcluded a modest increase (16.9 ha) in the supratidal
zone. However, this estuarine expansion was relatively-Bheddue toa dramatic reversah

the Avon area inthe next time period (to 2015Yhe overall results are illustrative of complex
spatotemporalpatternsthat are impdant to resolve in determining longer term treigBs.

1.6). The most recent measurements showed the estuarine area was similar to May 2011 and
smaller than in 2003 (Tablke2). SeeSupplementary Material Fig.1SL for a nap of baseline
(2003) and endpoint (2015) conditions.

Table 1.2 Summary of key changes in the areal extent of the Avon Heathcote Bsiutaiyover the period
200371 2015. The three later dates mark important time periods in the Canterbury EarthquadecSeq
whilst the 2003 baseline is representative ofgaghquake conditionslAT = Highest Astronomical Tide.
MHWS = Mean High Water Springs.

_ Areal extent(ha)"
Estuarine areas

Jul 2003 May 2011 Sep 2011 Oct 2015
area below HAT 1190.5 1146.0 1329.5 1135.8
area below MHWS 1032.3 1009.7 1154.4 998.9
supratidal area bounded HyA’
andMHWS 158.2 136.3 175.2 136.9

" calculations assume full hydrological connectivity between adjacent basins withelahation range of interest.
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Fig. 1.6 Changes irthe extent of estuarine areas below the elevation of Highest Astronomical Tide (HAT)
and Mean High Water Spring tide (MHWS) for seven areas within the Avon Heathcote Estuary lhutai
catchmenbver 2003 2015.

Hydrodynamic mdelling showedthatsubtidal apalosses contributed additioniakertidalarea

due to shallowing of the main estuary baftig. 1.7). The biggest changes occurredtire

uplifted southern parts of thestuary Heathcote, Ferrymead, Redcliffs, and the southern parts
of Bromley and Sotnshore(Fig. 1.7). In these areas the total intertidal area has generally
increased due to the exposure of channels which were previously permanently submerged at
low tide, and an accompanying reduction in tubtidal areaAreas which were already
intertidal are now exposed for a longer duration on each tidal cideever there are few

areas which were previously intertidal and that are now above the modelled reach of the tide.
This counterintuitive result can be explained by the observation of ordly areas that were
shallowly submerged at high tide in the q@@thquake state. This is particularly evident for
areas inundated for less than 30% of the time (Eid). and is indicative of upper intertidal
reclamationshaving already occupied those as€lhe combination of both shallowing aad

overall decrease in intertidal araghigh tide suggests a reduced tidal prism with the potential

to drive further habitat shifts through salinity effects.

At Bromley, uplift was insufficient tanove either AT or MHWS shorelines. fis shows that

the &6 c o ast anipactsaj seavelts endd extendedell into the intertidal rangeand
exceeded the tipping point for persistence of a high tide beach, even with the benefit.of uplift
Similar results indicative opre-earthquake degradation were also evident in Southshore and
Ferrymeadwhere prequake upper intertidal zones were much smaller than lower intertidal
zones, but expandecharkedly following uplift (Fig.1.7). The CES both illuminated and
reversed the prguake situation where langses were occupying areas that would otherwise be
regularly inundated on moderaegzed tidesMoreover, these resultlemonstrate that the pest

guake state remains vulnerablesaalevel riseimpacts due to theurrentposition of seawalls.
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In areaghat subsided (Avo and South Brightonjhe hydrodynamianodeling is less reliable
as an indicatoof upper intertidal change due to limitationsnebdel domainwhich excluded
land outside of the estuatlyat is now subject to tad inundation However, hese areas were

captured withirotherassessientsusing the static DEMSs.
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Fig. 1.7 Hydrodynamic model results for prand posearthquake bed topographiepresentative of the
Canterbury Earthquake Sequence amdwing changes$n the intertidal area inundated over a typical
monthly tidal cycle. Both simulations used identical astronomic tidal conditions and median river flows
(Avon gt U k=al65m’/s, Heathcoteep U w & B.7m’/s).
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1.3.4Impacts of sealevel rise

Appreciablesubsicence occurred only in the Avoreet U k aatchmentand adjacent South
Brighton portion of the mainlagoon basin However, these areas provide an excellent
opportunity to assess the actual effects of higher sea levedpre-disturbance landscape. At
SouthBrighton, themeasuredealevel risewasgreatesin September 201With subsidence of
27 cm on the sampling transectampared t®003 (Tablel.3). Despite thisshoreline change
analyss showed only small landward movements in the position of HAT andVBHKmeans

of 2.2 m and 4.1 m respectivelyijheincrease in area beloMAT (2.1 ha) was much less than
for MHWS (3.4 ha), leading to a 1.3 ha (58%) reduction in the taadable between HAT
and MHWS The 2015 results shad a general reversal of thesdesfts consistent with the
raising of ground levels. Relative to 20@8e end result was an intertidal area loss of 1,3 ha

anda0.3 ha compression of the sapdal zone (Tabl&.3).

Table 1.3 Effects of higher sea levels anean estuarine shoreline gition andintertidal areaat South
Brighton for three time points during the Canterbury Earthquake Sequence relativeqtekee(2003)
conditions. HAT = Highest Astronomical Tide. MHWS = Mean High Water Springs.

Assessment dates

Key changes since 2003
May 2011 Sep 2011 Oct 2015

Mean ground level elevation (m) -0.09 -0.27 -0.16
Shoreline retreat (landward movement) (m)
HAT 2.0 2.2 -14.2
MHWS 1.8 4.0 -7.5
Areal extent of intertidal areé‘:{ha)
area below HAT 0.9 2.1 1.3
area below MHWS 1.7 3.4 1.6
supratidal area between HAT and MHW! -0.8 -1.3 -0.3

Llcalculations assume full hydrological connectivity between adjacent basins withelahation range of interest.

Figure 1.8 illustratesthe mechanisms of change swupratidal zong as observed in South
Brighton and the lower Avoget U kcatechment under conditions of reltigealevel rise This
areahas extensive anthropogershoreline modificationsin the Bexley wetlands (arrowed)
impacts included a large losésupratidal area (FidL.8a b). Contributing factors included the
raising of nearby ground levels to facilitate a housing development that had the effect of
truncatinglandwardmovemenbf the supratidal zonender conditions ofealevel rise On the
opposite (eawrn) shoreline, landllls are not prominent inthe development pattern despite the
close proxinity of residential property to the estuargome of these properties are now
exposed to inundation at water heights of HAT (and less). Howeveg #reas were not
subject to the government land acquisitigks a result, these areas dess likely to be

candidates for managed retresitategies that could include the creationfudfire estuarine
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spacedespite that ground levels are much more favaarthan in areas that were modified by
landfill (Fig. 1.1). On this eastern shorelindet 2015 bounceack effect(Table 1.3) is also
notableas illustrated by the expansion of supratidal areas seaward of the shoreline armouring
line (Fig. 1.8c, d). Asyet, however, these changes are insufficent to restore the major losses
inccurred earlier in the CES.
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Fig. 1.8 Changesn the areal extent dhe supratidal zone modelled ag thevatiorband betweemrlighest
Astronomical Tideand Mean High Water Sipgs over the period 2008 2015.The area shown ihelower

Avon &t U kcatechment and northern portion of the main tidal lagoon basin of the Avon Heathcote Estuary
Ihutai which experienced ground level subsidence during the Cant&arhguake Sequence
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1.4 Discussion

Thesefindings describethe landscapescalereconfiguration of an extensivaastal landscape
Quantification ofchanges in the overailhtertidal area showed that the losses and gains had
almost balanced out at the most recent assessment date. Therefore, thengvacalbf the
CES has primarily beemovement of the lagoosystem in a nortleasterly directioras the
consequence of a tilting effect along a broadly neduth axis Here we discuss thkey
patterns of changwith emphasis on the contribution ahthopogenicinfluences and site
specific effects. Wehen focus orthe areasexperiencingsubsidence to identifyfransferable

learning for other situations of relatigealevel rise

1.4.1Patterns of chang:

Impacts identified in 2015 included seaward mmoeatof HAT and MHWS shorelines arah
overall4.6% reductionn estuary spacéifferential movement of HAT and MHWShorelines
resulted incompression of the supratidal zone (a 14% reductiomeaAlossesvere highly
variablebetween sites but often drivéy the position of shoreline armouring in relation to the
postdisturbancentertidal range. Specific attention to the availability of space within critical
elevations bands is therefore a key principletiierdesign of natural solutions to floddfence
and mitigation For example, our results indicategative impacts on the availability of high
tide roostinghabitat for shorebirdsgn already welkestablished conservation concern in New
ZealandWoodley 2012)and elsewher@Green et al. 2015; Zharikov & Milton 200%nother
important sitespecific effect washe role of estuarine expansionvein by subsidence in the
Av o n &tatdtmenton offsettingestuarine contraction driven by uplift elsewhere.

Theseeffectspresent a&ompelling caséor assisting the migration of important ecosystems to
areas where they would be expected to move if unhindered by anthrapbgemers, and the

same principles are applicable to CQ#Aéllfors et al. 2014)Conservation ash natural resource
objectiveswill be more readily achievedf these movements can lacilitated in upcoming
decisions on landse changeillustrating a key role for disaster recovery planning in this
process The government acquisition of riparian ariddofiplain land greatly facilitates such
possibilities, and includethe potential for rewildingn formerly urbanised areas. In this case,

the decision context demonstrates a clear linkage between the implementation of disaster
recovery and the potentiabif making progressowards CCAdue to similarities in the threat

profile with regards teealevel rise Although the timevarying effects of eustatisealevel
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riseindicate that a range abn-climatic factorswill ameliorate the associated patterns e s

level change(Nicholls et al. 2008)the earthquakenduced analogy provides an empirical
scenario that exemplifies plausible outcomes. To build resilience against the negative aspects
of such outcomeskey decsionsinvolve spatial planningofr anthropogenic infrastructusend
attention to the temporal progression of changes and associated vulnerabilities

1.4.2Quantification of ongoing chang:

There was a substantiaimount of ongoing change in the estuary andrensiover the post
quakestudyperiod. Intertidal area changes were not always proportional to elevation changes
with major fluctuations observed due to relatively flat topography, (@.ghe Avonget Uk ar o
catchment) in the critical elevation band. Thespects suggest the need for further and
relatively finescale monitoring to quantify ongoing spatiotemporal chaag®@eededtassess
vulnerability to hydrological alteratien and the role of future accretionas a potential
modulator ofsealevel rise (Gedan et al. 2011)A related theme, highlighted by the CES,
concerns the role of tectonic displacement as a landscape shaping force. In seismically active
regions, the movement of land masses can strongly anddiagably influencesea levels and

associated patterns of inundation and erosion.

Limitations of the present study include tlaek of matchedbathymetricand topographic
datasets covering the full intertidal rani#e recommend greater emphasis on tigura of
seamless DEMIto help quantify the dynamics of inundatiamd accretion processeasnd

supportthe implementation of adaptive managemedntremental changes can hest as
important as extreme events arubth involve interactions betweemany differert socio

ecological dimensionat variousrates and timefGunderson & Holling 2001)As shown here,
the natural topograply, pre-existing landuse paern, and human responses disturbance
evens are all vitally importantrfluences on the actutthjectory of change

1.4.3Responses teealevelrise

At locations experiecing subsidence, seawatlenstrained shoreline movememtemplifying
the problem of coastal squeeze under conditionseafevel riseand illustating its actual
impacts onnatural environments. The affected areas glsavide opportunities toidentify
resiliencebuilding principlesby consideringhe space now available in theertidal elevation

range.At Bexley, the infilling of land for a housing development limits thgportunities for
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habitat migratiordespite being witlm thearea ofgovernmentcquired lanqFig. 1.1). Unless

major earthworks are undertakestrategies for conserving intertidal areas must be
implemented elsewhereOn the opposite shoreline, the landward migration of natural
ecosystems could be assistesing relatively simple breaches of existing shoreline defences
based on our modelled resultdowever, residentigbroperties remain present in these areas
since they wee notincluded in the government laratquisitioninitiative. These examples
illustrate how past and recent langse decisions have eacbhntributel to resilieny. Their
consequences become more obvious once conditions change and risks become manifested as
losses, yet it is important that they are identified proactively in advance ofdippints being

reached if system resiliency is to be maintaiedlke 2006; Gunderson et al. 201®ey
principles identifiable from this case inclutiee legacy effect of lanfilling activities which
dramaticdl y al t er t he Or ewi | dsaapaadcontitjolds clafigend the unde
need to consider both built and natural environments in the design of adaptation initiatives such

as managed retreat

1.4.4Implications for climate change adaptatior

There ae widely transferable principles of importance in this study and close analogies with
the seminal work ofTurner (1978)on the marmade aspects of natural disasters. In this
paradigm, risk reduction decisions are highlighted as key influences on outddmesare
challenged by the need for agreement on the future scenarios for which effective responses are
required. As applied to natural environments, decisions are required to ptevergchng of

tipping points that result in the loss of natuf@htures andesourcs. To achievethis, we
highlight the influence of anthropogenic factors on the impacts of rapitselachangesand

theimportarce of disaster recoveprocessess a context foadaptation telimate change
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Table S1.1 Bathymetry data sources

Timing in
earthquake Survey date Survey extent Organisation
sequence
. Crosssection survey of the lower . . .
] .
TE MmdpdbnQa |y Heathcote River Christchurch City Council
g Bed level survey of the estuary and
= November 1998 & . y y ) e
@ . nearshore region betweeNorth Brightor Eliot Sinclair
b} April 1999
o and Sumner.
o :
Crosssection survey of the lower Avon
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. Echosounder survey of the estua .
March/April 2011 . . . y i Patterson Pitts Partners
including the river mouths

Cresssection survey of the lower ) . .
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i Heathcote River
& .
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£ 2012 . Y Christchurch City Council
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? Topographic survey of the McCormack
g June 2012 Bap cgz]ausewa (Re)(ljclif'fs) and adjacen Stronger @ristchurch Infrastructu

y y ) Rebuild Team
estuary
Echosounder survey of the southern pi National Institute of Water and
January 2013 y P

of the estuary including the mouth.

Atmospheric Research
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Fig. S1.1. Changes in the areal extent of land below the elevafidviean High Water SpringgIHWS)
andHighest Astronomical TidéHAT) in the Avon Heathcote Estuary / Ihutai between 2003 and 2015.
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Chapter 2

Risk factors for coastal habitat and blwe carbon loss revealed by

earthquake-induced sealevel rise
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Abstract

Vegetated coastakosystern (VCES)are in global decline and sensitive to climate change; yet
may also assist its mitigation through high rates of carbon sequestration and storage. Their
persistene is a function of the tolerance limits of characteristic vegetation and the nature of
environmental change. Alterations of relative -k»eel (RSL) are pervasive drivers of
ecohydrological dynamics that reflect the interaction between tidal inundatiames and
ground surfacelevation. Although many studies have investigated sediment accretion within
VCEs, relatively few have addressed spatiotemporal patterns of resilience in response to RSL
changedespite their relevance the conservation dfabitatand stored carbonin this study,

we used high resolution elevation models to quantify RSL changedNewaZealandtidal
lagoonsystemfollowing tectonic displacement caused by powerful earthquakescurrently,

we quantifiedsocicecological aspects dhe disaster respons€CE losses wereecorded in

all areas in response to high rates of RSL rise (up to 41 mithagwer an 8 year period pest
disturbance. Interactions with anthropogenic factors influenced observed losses and illustrated
transferablerinciples for the management of other VCEs facing RSL rigaet key principles
emergedi) anthropogeniencroachmentesults inresilience losslue to the need for landward
migration when changes exceed the tolerance thresholds of VCEs at their levatioghl

limits; ii) connectivity losses exacerbate encroachreffiects, and conversely, are a practical
focus for improving resiliengeii) risk exposure is disproportionatelyfluenced by the largest
wetland remnants illustratinghe importance of ®-specific vulnerabilities and their

assessmentjv) the need teestablish newprotected areas to accommod#ie movement of
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ecosystemssian essential aspect oésilience and requires a combination of land tenure
rearrangements and connectiviipnsevation measures Embracing these concepts offers
promise for new resilienekased solutions to haliparian degradation, improvelisaster

recovery outcomes andspond talimate change

Keywords
Ecohydrology, natural disasters, resilienpmtected a¥as, connectivitonservationsocio

ecological gstem

2.1 Introduction

Specialist coastal vegetation types include macroalgal forests, seagrass meadows, saltmarshes
and mangroves. These vegetated coastasysters (VCES) typically occupy a narrow coastal
fringe and yet are highly productive areas playing important roles as buffers between the land
and sea. Benefits for humanity include filtration, waste assimilation, coastal erosion and flood
protection, habitat for wildlife, and as nursery areas for fiske(Gedan et al. 2011,
McGlathery et al. 2007; Nicholls 20045rom an ecosystem services perspective VCEs have
beenassessed as among the most afallel of ecosystems worldwid@arbier et al. 2011;
Costanza et al. 1998Jhey are vulnerable to human impacts resulting in loss and degradation
(Brisson et al. 2014; Coverdale et al. 2014; Duke et al. 200R) stressorincluding land-use
change, coastal reclamation, and nutrient pollugAstam 2002; Orth et al. 2006; Pendleton et

al. 2012) Global losses in thegst 50 years range from -BB% for key ecosystentypes
(Duarte et al. 2013)ndicating arurgent need for conservati¢botze et al. 2006)

Climate change presents additional challerfgas effects on water depthsalinity, and range
shifts along climatic gradient€hmura 2013; Crosby et al. 2016; Krausmsen & Duarte
2014) Although VCEsare sensitivéo thesechangs, they also playan important role imglobal
effortsto reduce atmosphen€O, concentrationgChmu et al. 2003; McLeod et al. 2011
particular, the sequestration of 'blue cardon’VCEs ha generated renewed interest in their
restoration and managemd@hmura 2013; Howard et al. 201 Thportant attribtes include
high primary productionrates combined with thehysical trapping and binding of particulate
materialfrom both autochthonous and allochthonous soui@asitilan et al. 2013; Woodroffe
et al. 2016)and the influence of saline conditions on microbial activity that promotganic

matter preservation within neaurface sediment$-ourqurean et al. 2012; Koho et al. 2013)
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These propertiesesult in carbonaccunulation rates that are typically much higher than in
terrestrial forest§Donato et al. 2011; McLeod et al. 2011; Pendleton et al. 2012)

In addition totheir future roles ircarbon sequestration, VCEs that haeer stable over recent
geological time are conservation priorities due to their accumulated carbor(lvalug et al.

2011; lacono et al. 2008; Mateo t al. 199¥dr comparison, global accumulation rates for
below-ground carbon in terrestrial forestg an the order of 45 g ni? yeat ', whereas rates of
between 138 g M yeaf* (seagrass) and 244 d fiyeaf® (saltmarsh) have been reported for
VCEs (Ouyang & Lee 2014)There is a considerable risk mew emissions from these long

term carbon sink# these habitats are degrad@endleton et al. 2012frven small changes in

the relative rates of important biogeophysical processes have the potential to convert long term

sinks to new emission sourc@overdale et al. 2014; Macreadie et al. 2013)

There is digh level of uncertaintyegarding théate of VCEsunder climate chang®sland et

al. 2016; Schuerch et al. 2018Yhile some studies report a bleak outlgBkankespoor et al.
2014; Craft et al. 2009; Crosbhy et al. 2Q1@thers point to feedbacks that may assist VCEs to
selfmaintain under changing conditiof8nisfeld et al. 2017; Kirwan & Megonigal 2013;
Kirwan et al. 2016)It is becoming increasingly important to understand the mechanisms that
promote VCE resilience, and conversedlye risks to their survivalMacreadie et al. 2019;
Schuerch et al. 2018Rising sea levels create tpetental for VCE expansion andurther
carbon accumulatiothroughlandward migration and upward vertical accret{@mmura et al.
2003; Kirwan & Mudd 2012; Kirwan et al. 2016)he <If-engineering aspectsf in situ
accretion havaundoubtedly contributéto pastresiliencein periods of RSL ris¢McKee et al.
2007; McLeod et al. 2011)At the same timehowever,losses may be expected where
vegetation communities are overwhetiney changes andre unable tosurvive or migrate
inland (Duarte et al. 2013; Morris et al. 2002)his has led many authors to link climate
change withthreatsto VCE persistencand the potential loss of accumtgldcarbon(Chmura
2013; Craft et al. 2009; Crosby et al. 2Q16)

There is a particular need to improve thelerstanding of how differeMCEsrespond tdRSL
changes and the range of potential respo(ide&ee & Vervaeke 2018)However, he lack of
empirical data to demonstratach relationships asignificantimpediment to answering these
questiongVoss et al. 2013)This is @mpounded by high levels of spatiotemporal variability

that reduces the ability to generalise from historical patterns and small sampléCsizesn
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2015) Although historical changes studies such as those based on sediment sampling are
useful indicators of vertical accretiorates(Chmura & Hung 2004; Kelleway et al. 2016;
Woodroffe et al. 2016)they have seldom generated concurrent data on the horizontal
dynamics of the underlying VCEs due to the sampling effort required. In aduyethe
prospects for VCE conservation it is clear that both horizontal and vertical dynamics are
important(DeLaune & White 2012; Kirwan & Megonigal 2013; Schuerch et al. 2008 se
aspects interact with thedf level of anthropogenic modification typical of coastal zones
worldwide creating new interactions and complexifisisfeld et al. 2017; Doody 2004; Phan

et al. 2015; Spencer et al. 2016)

In investigating thgotential impacts of accelerating eustatic-les@l rise(Church et al. 2013)

the study of contemporary subsidence events can be particularly inforrf@sikieon 2015)

These intude shallow subsidence resultinffom surface elevation loss caused by
autocompaction, rganic matter decompositiongroundwate or hydrocarbon extraction
(Cahoon et al. 1995; Rybczyk & Cahoon 2Q0&2)d deep subsidence referring to tectonic
displacements and isostatic adjustments of land masses in relation to s€wtdiloffe et

al. 2016) Examples of appreciable RSL rise that have been the subject of empirical studies
include deep subsidence caused by a mine colléRegers et al. 2019and earthquake
induced subsidence in the Solomon Islaf@bert et al. 2017) Some of the most insightful
studies on mechanisms of wetland loss come from the southern USA where dramatic examples
of shallow subsidence have ocmd in deltaic wetlandéDay et al. 2000; Morton et al. 2010)
These include several studies that have investigated spatiotemporal variability in relation to
RSL effects through concurrent measurements of surféeeat®n changes and VCE
responsefCahoon 2015; Rybczyk & Cahoon 2002)

In this study, we assessed the impacts of powerful earthquakes in the Canterbury region of
New Zealand that causeptound level displacemenexceedind.5 min the coastal aquatic
environmeniQuigley et al. 2016)We took advantage of a series of high resolution elevation
datasets that were captured during the earthquake recovery process that provided an
opportunity to assess RSL changes, VCE responses, and the role of agehropnfluences.

The objectives for this paper are to: a) provide an overview of the impacts on intentidal
supratidal VCEs in the Avon Heathcote Estuary lhutai, b) identify relationships between

vegetation change and RSL changes associated withdylewsl displacementind c) identify
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anthropogenicisk factors forfuture VCE management with emphasistbaimpacts of RSL

risein areas ofubsidence.

2.2 Methods

2.2.1Study site andsurvey design

The city of Christchurch on the east coast of the Southdslzas severely impacted by a
sequence of large earthquake201011 (Fig. 2.1). Four earthquakes exceeding,BL0 were
responsible fomassive infrastructure damage (estimated at NZ$40 billion) and the loss of 185
lives (Beavan et al. 2012; Bradley et al. 2014; Potter et al. 20@&jnplex decisions on
property damage, infrastructure repair, and future hazard risk have required a prolonged period
of disaster recovery. Lasting changes in the natural environmest ihtaracted with the
recovery process and created additional considerations. Wkdelsmurface deformation
changed the postisaster landscape affecting many aspects ofsdwéoecological system.
Vertical displacements occurred in both directions tegulin new groud levels and
hydrology. Smallesscale effects included lateral spread, liquefaction, bank collapses and
landslides (Quigley et al. 2016; Robinson et al. 2012; Zeldis et al. 20Gtpundlevel
subsdence on lowland floodplains increased flood risk hazard in many residential areas
(Hughes et al. 2015)Societal responses haveafiered policy innovationsincluding the
government acquisition of thousands of residential properties ofyiog/land in the vicinity

of the estuary and waterways (F@2). As the recovery process has matumtention is
turning to the longerm use of this land alongside strategic planning for climate change
(Orchard 2017a; Regenerate Chiistbcch 2017)
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Despite being partiall urbanised, the underlying natural environment is characterised by an
extensive tidal lagoon and network of lowland waterways. The Avon Heathcote Estuary Ihutai
is atidal basin of ca. 8 kficharacterised by fine sediments autinected to the Pacific Care

via a single entrance channel in the southern corner of a shallow emb#inckat1998; Kirk

1979) Tides are serrdiurnal with a spring range of 2.22 m usiagerage predicted values
over the 18.6 year tidal cycle aearby Port LytteltorflLand Information New Zealand 2019)

The background rate of sével rise isin the order of 1.9 mm ¥rover the past century
(Hannah & Bell 2012)

Coastal wetlandregetationtypes of the estuary were describedJoynes & Marsden (2007)
within three tidal zones as are typical of other temperate marsh sy@egels et al. 2011,

Odum 1988) Characteristic species includea rush Juncus krassii) and oioi (Apodasmia
similis) in the low marsh;saltmarsh herbfield species such glasswort $arcocornia
quinqueflorg, buk 6 s n glaotain Plantago coronopys remuremu $elliera radicany and
suaeda Suaeda novaeelandiag in the mid marshand saltmarshribbonwood Plagianthus
divaricatug shrubland and introduced grasses in the high m@ishes & Marsden 2005).
Previots studies have reported relatively stable vegetation patterns in the South Brighton area
that is characterised by extensive rushléhabp et al. 2007)In contrast, several saiarsh

sites previously recorded cCombs & Partridge (1992)ad disappeared in the Ferrymead

area due to estuary-filling effects attributed to fluvial sediment sourddsipp et al. 2007)

Coastal wetland vegetation was sampled ushgyeperpendiculartransects within each of

three focus areas (South Brighton, Southshore, and Ferrytheadccount for the majority of

all wetland remnants in the estuafid. 2.2). The ampling transectgn = 30)comprised of

two transects at the five largest wetlami®ach of the three focus areas (Fig. 2Zl2ansects

were cast perpendicular to a smoothed baseline at the approxpuositton ¢ Mean High

Water Springs (MHWSUsing theamburpackaggd A" Anal yzi ng Movi ng Bounc
following Jackson et al. (2013nd grounedruthed using redime kinematic (RTK) GPS in

the field
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2.2.2Ground level change

Ground level changes weassessedsing point sampling of digital elevation models (DEM)

prepared from light detection and ranging (LIDAR) dataseithin areas of interest.

Additionally, we as®ssed recent changes using REGRS and laser surveys in early 2019 to

enable the consideration of further changes since the most recent airborne LIiDAR survey.

Ground levelsvere calculated at 1 m spacing on the transect pneducing a dataset of 424
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points that were reampled over the time.iDAR data sets selected for this study were
acquired in October 2015 (most recent survey), May 2011 (soon after the major February 2011
earthquake), and July 2003 (pyaake baseline) and provide complete cagerof the study
(Table2.1). The data set included bare earth DEM at 5 x 5 m resolution for the 2003 and 2011
surveys and 1 x 1 m for 201€anterbury Geotechnical Database 2014; LINZ 20W@&ntical

DEM configurations were developed by reprocessing the 2015 DEM to 5 m resolighda.

2.1 shows thedrizontal and vertidaaccuracy ofthe DEMs excluding potential GPS network
errors (ca. £0.06 m), and New Zealand Quasigeoid 2009 approxima®mides produced

from the RTKGPS surveys have a vertical accuracy of +0.12 m or better. Positional errors on
the transect lines are in the r@ang0.05i 0.10 m range andependon the gradient of the site
Additional errors up to +0.02 m are associated with ground surface capture (e.g., in soft

sediments where the measuring staff may sink).

Table 2.1 LIDAR data sources and major tectonic eventthe Canterbury Earthquake Sequence (CES).

LiDAR T . Accuracy (m)
acquisition Timing in relation Supplier Commissioning agencies

to CES horizontal vertical
dates
gbgo\;m Pre CES baseline AAM Brisbane Christchurch City Council ~ +0.55 +0.15
2030May  after Feb 2011 5 aM Brishane Christchurch City Council ~ #0.55  +0.07
2011 earthquake
5 Oct7 Nov Post CES AAM Brisbane Canter_bury Regional +1.00 +0.20
2015 Council
Major tectonic events
Location Date Magnitude™(M,,)  Max slip deptti (km)
Darfield 4 September 2011 7.1 2-6
Christchurch 22 February 2011 6.4 4-6
Christchurch 13 June 2011 6.2 >1
Christchurch 23 December 2011 6.1 2-5

"Beavan et al. (2012pecember 2011 magnitude represents combinsaiments of the two largest tremors.
"Quigley et al. (2016)

2.2.3Vegetation data and zonation model

Vegetation dta were available from coastal wetland surveys by Environment Canterbury in
2008 and 201%Grove et al. 2012)anda further survey was completéa early 2019. The
spatial extent of the 2008 and 2015 data setkided allcoastal wetland/egetation in the

wider estuary catchment. The scope of the 2019 survey was limited toctt®n of the
sampling transects. The method used for all surveys was an adaptatioritkitisen (1985)
vegetation mapping system in which the delineation of mapped units is based on differences in
the donmnant vegetation observedoBndaries betweeaunits ae assigned ithefield based on
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directobservationsssisted withaerial imageryand prcentage covesf the dominant species

is estimated for each unit mapped. Each unit was subsequently digitized in a GIS and the
vegetation categorised usingethhierarchical classification ofsrove et al. (2012)for
Canterburycoastal wetlands We wused the finest scale of t
for which 50 classes are found tine wider study area, 28 of which werecorded on the
transect linesWe also calcuked changes fofive 6 s t r u dasses (aushfand, reedland,
herbfield, grassland, shrubland, and sparselyetatedyeflecting dominant habitat typess
defined within the same classificatioflGrove et al. 2012)Additionally, we modelled the
broaderscale intertidal zonation pattern using a combination ofalitee review and zonal
statistics analysis. We sampled the 2003 DEM with the 2008 vegetation type polygons to test
candidate indicators for major zonation boundaries as identified in the literature and field
observations. These data provittee best avadlble representation of pearthquake zonation

with complete coverage of the study area.

2.2.4Data analyses

Intersection analyses were used to sample the geospatial position of mapped vegetation
polygons on the transectnd differencing used to calculate gnol level changest each

survey date Measurementrrors includehorizontal discrepancies between the DEMs or
sampled pointsand inaccuracies in the estimation or digitisation of the vegetation unit
boundarieduring surveys. Théatter wasreduced by afdging a negative buffer to mapped
vegetation polygons to reduce edge effects, with the buffer set at 1 m to account for the
horizontal accuracy of the 2015 LIiDAR (Tal2d).

Two-way ANOVAs were used to evaluate within group variance for location (fa@as) and

time. Data were transformed where necessary to meet variance homogeneity and normality
assumptionsand posh o ¢ T u k e y 6 sveréubk8 0 Jdentifyesgynifisant effects. In the

case of heterogeneity of variances, KrusWahllis rank sum tsts were usetb compare means
followed by Wilcoxon poshoc comparisons for significant treatment effecddl analyses

were conductedin NZTM 2000: ESPG 2193 projectiomsing QGIS v 2.18(QGIS
Development Team 2017 atistical analyses were conducted in R v3.323Core Team

2017) Orthographic heights are ihyttelton Vertical Datum (LVD) that is defined by a
geodetic benchmarking system. MHWS at the Port Lyttelton tide gauge is currently 1.479 m
LVD (Land Information NewZealand 2019)
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2.3 Results

2.3.1Ground level change

Considerable ground level changes were detected throughout the study period within the pre
quake intertidal vegetation footprint (Fig.3). Two distinct phases can be identified: vertical
displacements in botHdirections resulting from the February 2011 earthquake, and a
subsidence trend since. South Brighton experienced the greatest overall change due to
progressive subsidence, with a mean change of 0.56 m over the study period. Ferrymead and
Southshore expemmced initial uplift (0.18 m an@.12 m, respectively) associated with the
February 2011 earthquake. For both, these uplift effects were reduced to only i®y020dH

and net subsidence by 201Over the 8year period(2011- 2019 the subsidence trend has
resulted inmean surface elevation losses of mifn yr' at Ferrymead, @ mm yr* at South
Brighton, and 2 mm yr' at Southshore (Fig2.3). These ground level changes were
significantly different betweersamplingperiodsand locations and there was a significant
interaction between the two (ANOV/4, < 0.001).Posthoc comparisons showed that ground

level changes at South Brighton differed significantly from both other apeas.001) but

there was no significant diffence between Ferrymead and Southshore overalD(61).

1.6 ~

1.2 1 TTT II TTT 0o

0.8 | I o

I o
0 - : : .

Ferrymead South Brighton Southshore

Mean ground level height
(m) LVDA

Fig. 2.3Changes in ground levels within the yg@&rthquake intertidal vegetation footprint for three localities

within the Avon Heathcote Estuary / lhutai over the period 2008)19. The Cantetby Earthquake
Sequence (CES) included two major earthquakes in September 2010 and February 2011 that preceded the
2011 ground level measuremelatte

These changesithin VCEsare consistent with the general pattern of ground displacements in
theeasten Christchurcharea revealed byiDAR surveys to 2015 (Fid2.4). The key trendsa

a tilting effectof the February 2011 earthqualketh subsidence of the lower Avon River
catchment and South Brighton area, uplift in the Heathcote catchment and Ferayeseahd

a mixture of effects at Southshore (F&da). As the CES progressed, further subsidence was
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evident throughout the wider area (FR4b). These measurements were, however, partly
influenced by horizontal ground movement in an easterly dinectis evidered by the pattern

of movementsn valley systemdowards the south of the study afestween the 2011 and
2015 LIDAR acquisition date (Fig2.4b). These horizontal movements may have led to
overestimates of subsidence on the eastern shorafidethe reverse effect on the west,
especially in areas with steeper shore profiles. Despiterésislts from the2019 GPS swey
indicate that the coastal wetlankavecontinued to loseurfaceelevation over the past four
years (Fig2.3). Furtherinvestigations are needed to determine the cause of these trends given

that they do not appear to be related to further tectonic movement.

mE =
) Legend
@) 4 ¥ » (b)
Coastline
T 3 ¢ Watervays
A 3 Y F Treatment ponds
h — LA 1 e Government acquired land
\ oS ~ = - a5
b [= ’J L } ™\ L’ 40 el Elevation change (m)
\, 3 L N i L ) - 2
( \ ok “L ‘ E ‘ § % A :L o ‘:g
{ = /:\ 4 i 4 S /_’“—\ ] 12
o\ R S b TN EmER —
a e 0 o N2k 1
L\ X -\ | Y p
B e o4
\ { “ foheseess [ \ N o
L \ ) = p o) 0
/ \ = } 75, o
e’ ‘2 - _~South Brighton ( 4G —2? \ j gi
oA N Le” {/ P—cA P & oh
A / (J | Y 08
f J § . Ve 10
f N o 12
P 2= v
|fa's N\ rv o« - 16
' e 18
- 20
Southshore 3
» it et 1 | | | 11/ TGO S agin Ty
.............. -
Ferrymead .
L
N
\
‘ By ¢
- : y "l., £ e
; ; ! ~ } : l‘ 2y 7
b v 5 o R | i — , o ,,
iy, o ! e » A
as 4 &"L A, 3 " A Al ‘;1‘, .' o /
§ 4 » = N 2 Yo ¥
¢ , P J Lot 3 !
& e, - T N E ( 2 %
0 1% J2km » X i . ! }
Rl S8 3 = 0 U - ‘
s & 2 zoo:i 2011 ‘,, - 208

Fig. 2.4 Groundlevel differences relative to 2003 ground elevations measured by airborne Ilght detecting
and rangig radar (LIDAR) in the vicinity of théwon Heathcote Estuatutai in eastern Christchurch. (a)
2008-2011 differences as measured afterRabruary 2% 2011 earthquakthat causeavidespreadiamage

to infrastructure and landb) 2003i 2015differene@sshowingcumulative effect®f all major earthquakes

in the CES Note the effects of horizontal movement in an easterly direction evident on hillslopes to the

south.
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2.3.2Vegetation change

Across all transects, the percentage change in gfewpendiculavegetation extent increased
by an average of 151% for the period 200815, and tare was little further change from
2015 t02019 (Table2.2). Within each area, there were substantial differences from this overall
trend. Ferrymead study sites experieneetl7% reduction in the 20152019 period, which
differed significantly p <0.05) from the relatively small initial response. In Southshore,
similar reductions (24%) were experienced in the 2QA®G19 period that had the effect of
reducing initial gains However, this trend was not statistically significant due to highly
variable effects at the different wetlands withinstlarea, particularly in the 20082015
comparison. Only small chaeg were detected for bogostquake periods at South Brighton
(Table2.2).

Changes in the total extent of wetlands showed a much greater reduction than suggested by the
percentage changes on individual transects, reflecting the different sizes of the wetlands
involved. Total prequake vegetation extent (2633 m) wasatieely unchanged by 2015 (2558

m), but then reduced to 2233 m by 2019. This 1&%brall loss compares to the mean
percentage change on individual transects of only 1.1% (T2@e At Ferrymead, the
vegetation reduced from 1174 m to 917 m, with moshisf22% loss occurring between 2015

and 2019. South Brighton also experienced a redudtiam 1069 m (preguake) to 873 m by

2015, and 815 m by 2019, a 24% loss overall. At Southshore thgupke extent (390 m)

initially increased to 532 m in 2015, cthen decreased to 501 m by 2019, resultingina 111 m

(28%) gain overall.

Table 2.2 Changes in the shoperpendicular extent of coastal wetland vegetation at three locatioriis with
the Avon Heathcote Estuaiffiutai in relation to the Canterbury Eartladge Sequence beginning 2010.
Measurements taken in 2008 are representative afgthquake conditions

Percentage chang%n individual transect lines

(mean + SE)
2008- 2015 2015-2019 df KruskatWallis.? p-value’
Ferrymead 103.7£6.1 83.0£5.0 2 5.8514 0.0156
South Brighton 100.1+11.7 99.1+16.9 2 0.0915 0.7623
Southshore 155.3+45.8 118.4+18.8 2 0.0914 0.7624
TOTAL 151.5+35.1 98.9+75 2 3.0698 0.0798
Total change (m)
2008- 2015 2015- 2019 overall overall (%)
Ferrymea -21 -236 -257 -21.9
South Brighton -196 -58 -254 -23.8
Southshore 142 -31 111 +28.5
TOTAL -75 -325 -400 -15.2

L‘expressed as percentage of 2008 figures
" results shown in boldre significant at)= 0.05
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2.3.3Zonation patterns and structural classes

Zonation model

The 2008 vegetation data set contains B¥ppedpolygonsrepresentinghe 2 vegetation
types with a total area of 55.8 ha and meanqoiake ground elevation of 1.26 WD (+0.26

SD), base on the 2003 DEMTable 2.3). Previous studiesof the Avon Heathcote Estuary
Ihutai havereported a mignarsh vegetation band characterised by herbfield species such as
glasswort $alicornia quinqueflorg buck's horn plantairP{antago coronopys and renuremu
(Selliera radican¥ (Jones & Marsden 200.7The intertidal zonation modleises thegresence

of two indicator species to define tzene boundaries. The mid zone lower limit is defined by
the presence of glassworgdlicornia quinqueflorp herbfield, andthe upper limit by the

transition to saltmarsh ribbonwool@gianthus diaricatug shrubland (Table.3).

Table 23 Intertidal zonation model for coastal wetland vegetation in the Avon Heathcote Estuary lhutai.

Ground elevation

. % LV Zonation
Vegetation type Mear(] B) w© model
Native muskThyridia repensherbfield 0.87 0.28
Mixed saltmarsh herbfield, glasswoBdrcocornia quinquefloyabsent 1.00 0.18
Lake clubrushSchoenoplectus tabernaemontameedland 1.02 0.21
/It Rg St {(Rpbdsamendzalwellivith native saltmarsh species 1.08 0.36
Gras-herbfield 111 0.26 Low marsh
Sea rushduncus krausgiwith exotic grasses 1.12 0.06
Sea rushJ, kraussjiessentially alone 1.16 0.44
Three squareSchoenoplectus pungengedland 1.17 0.42
Sea rushJ; kraussjiwith saltmarsh herbfield, glasswoi® (quinqueflord present 1.22 0.16
Glasswort §. quinqueflorpand sea lavender (Limonium companyonis) herbfield 1.22 0.01
Oioi(Apodasmia simil)swith saltmarsh herbfield 1.24 0.20
Creeping bentAgrostis stoloniferpgrassland 1.26 0.26
Oioi @A. simili$ with marsh ribbonwoodRlagianthus divaricatysand sea ruskU. kraussji 1.29 0.31
Three square§. puvngeri)swith native s;altmarsh shrubs and rushes 1.29 0.12 ] el
/'t RSt t BacaldvellizeedHnd K o 1.30 0.48
Mixed saltmarstnherbfield, glasswortg. quinqueflorppresent 1.30 0.58
Oioi A. similig with introduced grasses and jointed rushuicus articulatys 1.30 0.29

Sea rushJ; kraus), marsh ribbonwoodP. divaricatuy oioi @A. simili§, three square . pungens  1.32 0.36

Oioi @A. simili$ restiad rushland 1.35 0.49
Tall fescue$chedonorus arundinacéudominant grassland with exotic associates 1.35 0.21
Marsh ribbonwoodP. divaricatushrubland with oioiA. similis) 1.40 0.14
Marsh ribbonwoodP. divaricatuswith sea rusi{J. kraus$i 1.40 0.34
Sea primrose§amolus rependurf 1.41 1.03
High marsh
Marsh ribbonwoodP. divaricatugwith exotic grass 1.52 0.34
Tall fescue$. arundinaceygiominant grassland with native associates 1.52 0.41
Marshribbonwood(P. divaricatusshrubland 1.64 0.37

Llvegetation type descriptions follow naming convention of Grove et al. (2012).
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Earthquake effectsn zonation

The greatest absolute changes were found in the low zone, whkheduced by 318 m
(28%). Thehigh zone experienced a 132 m loss (32%), and the mid zone a 50 m (5%) gain
across all sites (Fig2.5a). This overall pattern varied considerably between locations. At
Ferrymead, losses occurred in the low and mid zones (280 m and 56 m, respectitiely)e wi

high zone gaining 79 m by 2019 (F@5a). At South Brighton all zones had reductions, with

the greatest losses occurring in the low and high zones (125 and 108 m, respectively, for 2019)
with the mid zondess affected (21 m). The overall lossswa5 m (24%) in 2019. Southshore
showed gains in the low and mid zones (87 m and 127 m, respectively) and losses of 103 m in
the high zone. By 2019 the overall gain was 111 m (29%).

Structural classes

Impacts onthe five structural vegetation classes wegenerally consistent with the zonation
pattern changes in consideration of the characteristic habitat types. Across,dheitgeatest
losses occurred in reedland, herbfield and shrubland structural classes2.ggy. At
Ferrymead the greatest $&s included reedland (272 m, 35%), herbfield (76 m, 26%) and
grassland (17 m, 29%), accompanied by a gain in shrubland (36 m, 198%) consistent with
gains in the upper zone. At South Brighton the largest losses involved herbfield (149 m, 64%),
rushland (18 m, 22%) and shrubland (120 m, 55%). At Southshore, where gains outweighed
losses, there were increases in rushland (96 m, 160%) and herbfield (65 m, 180%),
accompanied by losses of shrubland in the high zone (63 m, 54%). Sparsely vegetated areas
were found to have increased at all locations by 2019. These include both areasfifeshe

new colonisation in which vegetation changes are still occurring and a stablbastatet to be

reached.
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Fig. 2.5 Shoreperpendicular extent of coastal wetlavebetation at three locations in the Avon Heathcote Estuary lhutai in relation to the Canterbury Earthquake
Sequence showing effects on (a) intertiahation patterns, and (Bjructural vegetation classes. Measurements taken in 2008 are represehiatiearthquake

conditions.Composition of the low, mid and high zonation vegetation conities is detailed in Table 2.3
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2.3.4Responses of individual wetlands

Responses of the three largest individual wetla(Bisxley, Settlers and Charlesworth)
exerteddisproportionate effects on the impacts as a whole, and these have been exacerbated
since 2015 (Fig2.6). All involved vegetation loss, although the temporal sequence of events
differed markedly. At Bexley Wetland, where the largest area of vegetatimmesarded in

2008, severe reductions occurred by 2015 and there were further reductions by 2019 (Fig.
2.7a). In contrast, Charlesworth and Settlers wetlands in Ferrymead experienced little change
by 2015 and then lost vegetation area in the subsequénd pe2019.

Where they occurred, gains were typically recorded only in the smaller wetlands. An
exception was the Upper Bridge wetland in South Brighton where subsidence effects of the
earthquake initiated landward migration of intertidal vegetatiom ant area of former pine
forest located seaward of a larggmbankment that provideéke primary flood defence
(Fig.2.7b) In contrast to Bexley, saltmarsh species were able to colonise the available space
after mortality of the pines. Nonetheless, the ndldimit of this migration sequence is
constrained by the embankment system, and this is reflected by the lack of furtinge cha
between 2015 and 2019 (Fig 2.6).
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Fig. 26 Changes in thehoreperpendiculaextent of intertidal vegetation at 15 coastatlands in the
Avon Heathcote Estuary Ihutai over the period 20@819.Error bars are standard error of the mean.
Locations of each wetland are shown in Fig 2.2.
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E , =

Fig. 2.7 Site photographqa) Bexley Wetland in the South Brighton area wHarge areas of wetland

were eliminated by drowning. Landward migration of riparian wetlands was constrained by land
reclamation and seawallssociatedvith aprevioushousing development (arrowed). () extensive new

area of saltmarsh herbfield now occupie$ormer area of pine forest following landward migration
response toelative sedevel rise In this location flood defences (arrowed) were set back from the pre
earthquake high tide shoreline. Saltmarsh vegetation now extends to the foot of thé&nesniba(c)
temporary stofpanks were erected in the Southshore area that initially experienced uplift before beginning
to subside. Government acquisition of waterfront properties in this area has now created space for
estuarine movement and the managedeattof these defees could be readily achieve(tl) large
expanses of lower intertidal zone rushland perished in areas of subsidencegBelod remnants are

now eroding releasing accumulated carbon stores. (e) areas of former shrubland have hHeaecioer

in many areas indicating complex turnover dynamigsonditions change. (feNow flowers ofCotula
coronopifoliaindicate large areas of saltmarsh herbfield that have only recently invaded pastoaal land

the southwestern shoreline in respe toground surface subsidence and relasiealevel rise The lack of

major barriers to coastal wetland movement in this farmed landscape suggests that it may be a suitable area
for accommodating natural environment change. Creslitane Orchar¢s-e), Andrew Crossland (f).
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2.3.5Vegetation change in relation tauplift and subsidence

Vegetation responses were variable in relatmrgitound level changes over 2008015,

with no clear patterngsn magnitude or direction (Fig.2a8 For example, widespread
subsidence at South Brighton resulted in both losses and gains at individual wetlands,
indicating the importance of sispecific effects. By 2015, net uplift was omisesent athree

sites and these also showed Jaleavegetation responses. At mangtlards, however, the

direction of responses measisd in 2015 continued to 20{Big. 2.8a).

Responses dhe structuralvegetatiorclasses were aldughly variable with the exception of
herlfield which was consistently reduced BSL risein both time period (Fig.2.80). The

variable effects on other classes as measured in 2015 may reflect different responses of the
sitesto RSL changedut also the potential for lag effecis response to the ground
displacementsBy 2019 the structural class responses tadeloped a more consistent
relationship with ground level changehich highlightedan association between subsidence

and negative impacts on herbfield, reedland and shrubland2(Bag.

46



Risk factors for coastal habitat and baagbon

(@) Individual wetlands 20082015 20082019
Ground Vegetation Ground Vegetation
Location Wetland level [o0) level p P
Avoca
Charlesworth
Ferrymead 5S @At Q4
Golf Course
Settlers
Bexley
Domain
g?i;::on Kibblewhite

Lower Bridge

Upper Bridge

Caspian

Kingfisher

Southshore  Penguin

Petrel

Sandspit

(b) Structural vegetation classes

Grassland
Herbfield
Reedland
Rushland
Shrubland

Ground level | Vegetation
LEGEND ® ®

>+0.2m > 20% gain
+0.11¢ 0.2 m | 11-20% gain
+0¢l.0m 0-10% changsq

--0.11¢ 0.2 m | 11-20% loss

>-0.2m > 20 loss

Fig. 2.8 Summary of vegetation responses in relation to ground level change associated with the
Canterbury Eathquake Sequence beginning 2010 atl@&)ndividual wetland®n the estuary shoreline,
(b) within five key structural classes.

2.4 Discussion

Globally, very few studies have concurrently measured RSL changes and the persistence of
VCEs. This isalso the first New Zealand study of the effects of RSL changes on
contemporary VCES. In this case we were able to observe variable RSL effects acting on the
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same wetlands over different time periods as well as variation betweerFsitesiing the

Februay 2011 (6.4 M) earthquakethe general pattern of tectonic displacement involved
subsidence towards the north and uplift towards the southwest. By 2015, widespread
subsidence had returned ground level elevations to themuaiee levels in uplifted areas

(e.g., Ferrymead and Southshore). Subsidence continued across the whole system to 2019
resulting in an eighyear period oRSL rise Over the 1iyear study, there was a 15% loss of
wetland extent that mostly reflects rapid changesveen 2015 and 201B the following

sections we discuss the key contributing factors and management implic&tiensegin

with a discussion afiplift before turning attention to subsidence and RSL rise

2.4.1Uplift and resilience gains

Uplifted areas showechanges in the rdiae proportions of wetland types, even whera¢he
was little change in theverall extent ofwetlands(e.g., Ferrymead). Turnover was evident in
both structural vegetation classes atitk intertidal zonation patterresulting in new
configurations of thecharacteristic wetland species. A lag effect between the timing
ground level changes anégetation responses wagdent for shrubland and consistent with
slow establishment times in comparison to other cla3$es2015 measurements showed an
expansbn of sirublandin the initially uplifted area$ikely facilitated by drier conditions and
alsoconsistent with increases in te&tent of theupper intertidaplant community (i.e.the

6 hi g h 6At thimtime, however, ground levels had essentialiyrned to presarthquake
conditions. Assuming a continuation of lag effects, the future contraction of shrubland was

expected and indeed was detected in the 2019 surveys.

Key implications for management include the need to avoid the encroachment of
anthrgpogenic laneusesinto uplifted areas that initially became drier and further from the
tide. This space is now needed to accommodate a reversal of the initialaffyePO11)

ground displacementddigher intertidal areas have historically been easy tarfgettand
reclamation, yet this comes at the expense of high tide beaches and biodiversity impacts such
as shorebird habitat loséGreen et al. 2015; Woodley 2012 this case, further
encroachment has the effeaft exacerbating coastal squeeze pressures by introducing new
barriers to wetland migration that did not exist before éhethquake Kig. 2.%). It also

suggests that coastal uplift should be embraced as a resilienderghiture sedevel rise
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Seawad shoreline moveents present rare opportunities a natural resetting of the system,

offsettingthe effects of historical land developménends.

2.4.2Subsidence andelative sealevel rise

In New Zealand and elsewhere, conservation policy objectivgsrianarily focussed on the
protection of current VCEs through the identification of important locations and
establishment of protected areas. Achieving protection has téetiab to improveoutcomes

for biodiversity and climate change mitigatiget is ctallenging to integrate with other
important laneuse under conditions of RSL rigoughty et al. 2019; Lovelock et al. 2017;
Pendleton et al. 2012pur empirical observations confirm beyond doubt that r&$dl rise
canpose major risks to the persistence of tidal wetlafasthermore, the observation of a
sustained and relatively constant rate of wetland loss over an eight year period of subsidence
(20117 2019)in all three areasontributes valuable information on the question of whether

compensatory accretion processes can keep pace.

The annualise®SL riserates showttat the lowest rate observed (3thnyear') was bepnd

the threshold of resilienceAdditionally, lower RSL rates were associated with less
vegetation loss than higher subsidence rates, consistent with the notion of a threshold at
which compensatory accretion could be achiefddrris et al. 2002 These are very high

rates of RSL rise in comparison to backgroundleeal changes (~ 2 m yeai’) and future
climate change scenarig€hurch et al. 2013)and therefore, are not directly illustrative of

the progression of changes that might be expected under gradual climate. dnatend,

they are informative as scenarios that empirically illustrate the outcomes of RSL rise that
exceeds the threshold for persistence of characteristic VCEs. In the following sections we
identify mechanisms that have contributed to wetland los¢kisnexample of RSL rise, and
conversely, opportunities for human agency to ameliorate and build resilience to similar

future effects.

As was confirmed in this study, elimination effects are more likely to be found in the lower
intertidal zone, consistewith established theor{Kirwan & Guntenspergen 2010gven
though vegetation changes occurred across the full intertidal range. Vegetaties loss
adjacent to active tidal channels aligely to increasethe risk of belowground carbon

depositsbeing erodeand exported from the wetlarf@iheuerkauf et al. 2015However, we
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observed that the root mat of rushland species such asApimd@smia similiscould persist

for sewral years after mortality of the vegetation and this may present an opportunity for
restoration initiatives to save carbon deposgkg). 2.7d) We also observed elimination
effects higher in the intertidal range associated with thefflief shrubland [Eig. 2.7e). The

newly exposed areas have been slow to recover and these could also present targets for
beneficial restoration. Previous studies have shown that-spaé disturbance dynamics

may significantly influence vegetation trajectori@dacreadie et al. 2013; Martinetto et al.

2016) andmarshscale vegetation differences influence the rate of accretierall(Chmura

& Hung 2004; Rodriguez et al. 2017; Roner eRall6)

Practical strategies fahe managemenof rising sea levels may includee maintenance of
conditions that pronte compensatory accretion becaubes process provides the most
promising potential mechanism by which current wetland footprintddcbe maintained
(Macreadie et al. 2017; Voss et al. 2013 was noted byKirwan et al. (2016)
biogeghysicalfeedbackshave the potential to drivieigher accretion rates with increasing
inundation duration. Threshold rates for tidal marsh survival ugidbal sedevel rise were

found to be highly influenced by sediment availabi(i§irwan et al. 2016)which may be

linked with anthropogenic influences such as sediment impoundment in regulated rivers
(Weston 2014)In this case previous studies have shown that sedsnpply was sufficient

to infill and eliminate tidal marsh communities in the Ferrymead area over a 14 year prior to
the earthquake@upp et al. 2007 However sediment accumation rates for the estuary as a
whole were found to be surprisingly low (< 1mntybased on measurements made between
1970 and 200(Burge 2007) and were much lower than typical obthe NZ estuaries
(Morrison et al. 2009)Additionally, organic matter loading has been reported to be less than
the rate ofin situ mineralisation since the cessation of treated wastewater discharges to the
estuary in 201@Zeldis et al. 2019)These factors suggest that the availability of suspended
particulate matter wasikely to have contributed to the observed lack of compensatory
accretion in this example of RSL rise. However, the progressive loss of surface elevation long
after the period of seismic activity introduces another as yet unexplained factor that requires
further investigation. Potential explanations include erosion from areas of marskupreak

the low intertidal zone or from areas of degraded vegetation, both indicative of a lack of VCE
recovery. Although measures of vegetation condition are not ¢iragtilable from the
methodology used in this study these explanations are consistent with the observed increase
in sparselyegetated areas (Fig. 2)5b
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Although the rates of RSL risgbserved are high in comparison to expectations for climate
change(Kirwan et al. 2016)the anthropogenic contributing factore dransferable to the
general case of managing RSL rise that may exceed plant community threShwldssults
point to the need for prioritisation exercises to identifyrigk locatiors, with specific
attention to thesize of the areas involvedhis smtially-explicit approach offers practical
benefits for the design of intervention strategies targetskgfactors other than hydrological
changes that contribute to maistale vulnerability anthe landscapecalerisk profile. The
urgent need for suckulnerability assessments has been similarly highlighted in other studies
(Doughty et al. 2019; Osland et al. 2017)

Useful managementechniques could include the restoration of vegetation communities on
the csp of dieback and loss, supplementing sediment supply shortages important for
accretion potential, and restoring allochthonous organic material inputs from higher in the
catchment where these have been reduced by deforestation or othesdactthngéDuarte

et al. 2013; Macreadie et al. 2017; Morris et al. 20T6ese principles offer promise for a
new ecological engineering paradigm that differs from, and yebmsplementary to the
assisted migration approatiased on the facilitation of range shiftdéallfors et al. 2017)
However, the latter is also an important strategy to ensure the continuity of accommodation
space and relies on the identification of suitable areas for VCE migration under a changing
climate(Spencer et al. 2016)

2.4.3Connectivity, land-use planning, and infrastructure design

Despite the selimaintenance potentialf vertical accretionthe management @onnectivity
between potential areas of tidal inundatisranimportant principlefor the sustainability of
coastal wetlands. In the upper intertidal zone this may rely on small waterway connections or
overland flowpaths onlactivated at high tidal levels amdhich are easy to overlook. Simple
engineering such aattention to hydroloigal barriers oplanned breaches of exsy flood
defences providaiseful strateges for assisting the movement of wetlands as conditions
changgDuarte et al. 2013)To enable this, the suitability of existing land uses for retirement
and naturalisation become&kay consideration, and this is an excellent example of where an
opportunistic conservationparadigm could be beneficial for climate chan@@ight &
Cowling 2007) In the presentstudy an example becaenevident only recentl on the

southwestern shorelin@his area had previously uplifted before subsidmngre recently
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activating the landward migration of saltmarsh herbfield species via an existing network of
drainage channels. In response, large avéassture have begun a transformation to coastal
wetland vegetatiorfFig. 2.7/). The lesson here is twiold. First, this illustrates a natural
environment response in the absence of connectivity barriers. Second, it highlights the need

to identify andprotectsud areas to build resilience to seael rise

2.4.4Risk factors that can inform climate changeadaptation

Although the RSL rise rates observed in this study represent extreme scenarmopitioale
observationof VCE responses haviduminated risk factorsthat are transferable to other
locations facing RSL riseWe conclude by summarisinfpur risk factors amenable to

managemerthat can bedentified from the observed patterns of VCE loss.

1. Anthropogenic encroachment results in resilience loss

When predictedealevel rise is considered, furthencroachment of anthropogenic barriers
resultsin a loss of resilience fdidal lagoors. Although this principle may appear obvious, in
reality it is seldom embraced. Reclamation and armouring contimeecur and managed
retreat is rare. The severity of effects depends on the size of the areas thatfeven |tds

natural environment and the specific elevation ranges involved that are influenioeth lof

the location and design of bu#gnvironmein modifications. As with our example, the use of
temporary barriers foflood defence while longer term solutions are being designed may
offer a pragmatic response for dealing with unexpected extreme events. In the general case,
however the reversibilityof any such new infrastructuis an important consideratidior

socicecological resilience in the longer term

2. Connectivity losses exacerbate encroachment effects, and conversely, are a practical focus
for improving resilience
The context of 8ing sea levels demands attention to connectivity effects. As observed here,
higher water levels cause impacts on the lower elevational limit of coastal wetlands and drive
compeatory landward movemeracross the shore profile. Anthropogenic modifications
may have the effect of truncatirige landwardmigration of VCEs as conditions change.
Although opportunities for resilience gains may be identified and modelled as suitable ground
elevations behind the linef existing defences, they are highdgpendenbn connectivity

effects. This demonstrates a relationship between conneg®latted impacts antthe design
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of infrastructure For example, storm defences cobhkldesignedo allowfor connetivity to

supportnatural environmemtrocess and deployedlgrasneeded during extreme events.

3. Risk exposure is disproportionately influenced by the largest wetland remnants
Vulnerability acts unevenly across the spatiotemporal domain, and yet current wetland values
are associated with a specific footprint.tims study,vulnerability of the largestvetlands
proved to be an important contributor to the overall impacd was a function of their
vegetation composition and position in gwcioecological landscape. These ressliggest

a need for spatialbfgxplicit vulnerability assessmentstae scale of indidual wetlandswith

a focus on the larger remnants being important to risk reduclionilarly, site-specifc
vulnerability assessments aegjuired toevaluate effects on key wildlifgpecieswith regards

to critical habitag. They may alsbeuseful in considering climateffects orhuman activities

such asvild harvest andecreational use.

4. There is a need to protect naneas to accommodatke future movement of ecosystems
Despite the promisef wetland selHmaintenance, this study showed the actual movement of
wetlands exposed to prolong&SL rise Similar effects mayoccurin other VCEs given
current climate change projections and are particularly likely where sediment availability is
limited. In combination with connectivity management, the availability of space poses a
critical risk. Landuse change initiatives must be initiated without delay to improve the
potential for workable solutions to be identified, and as highlighted here, tHaglenaking
advantage of opportunities to futypseoof available land. Arguably, the most effective
formula for long term sustainability integrates new ecological engineering paradigms with
resiliencebased landise planning and infrastructure design. tia&il to embrace these
concepts poses a major risk to the persistence of coastal wetlands and the multiple benefits

they provide.
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Chapter 3

Nature-based solutiondor climate change om

peri-urban sandspit
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2 Marine Ecology Research Group, University of Canterbury

Abstract

Barrier sandspits are biodiverse natural featuhed regulate the development of lagoon
systems and are popular areas for human settlement. Despite many studiesepislaaudli
dynamicsfew have investigated the impacts of $®zel rise (SLR) on sandspits. In peri
urban settingswe hypothesised thashoreline environmenthangewould be strongly
dependant on contemporary lamske decisions with modern engineering capabilities
marking a significant stephange from evolutionary dynamics of the past. We evaluated
these factors in a case study fromri€church, New Zealandhat presented a unique
example of SLR caused by tectonic subsidearmincludednew opportunities for managed
retreatcreated bygovernment acquisitioof affected propertiesWe identified plausible
futures for the postarthquie landscape using a novel scenario modelling approach
consideringooth shorelinesf the sandspisimultaneously for 0.25 m increments of SLR and
with varying positions of coastal defences. The results identify challenges for dune
conservation following aeversal ofthe current shoreline progradation trend. A third of the
dune system is eliminated under a 1SbR in 100 yearscenarig leading to increased
exposure tonatural hazards such asxtremestorms and tsunami. Increasing demand for
seawalls is aikely consequence unless natualternatives can be progreds In contrast, the
managed retreat initiative on the backshore presant®pportunityto restart saltmarsh
accretion processes seaward of coastal defences with the potential to oeexdesof
degradation. @nsidering both shorelisesimultaneously highlights the existence of pinch
points from opposing forces that result in small land volumes above the tidal S&augetal
adaptation is delicately poised between the paradigms of resistaagc@mmodating nature

andchallenged by the long perimeter and confined natuteedandpit feature We suggest
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that the further use of innovative policy measuredisaster recovery contextsay offer a

beneficial though reactiveframework for progessingadaptation t@limate change

Keywords
Natural hazards, natural featurescis-ecological systemsshoreline management, climate

change adaptation, séavel rise.

3.1 Introduction

Aquatic margins are dynamic boundary environments that have beaglotsahconservation
priority in the face of widespread environmental chafigjewn & McLachlan 2002; Strayer

& Findlay 2010) Pressures have become critical in lowland and coastal regions due to a
rising populatim and the intensification of human laode (McGranahan et al. 2007;
Neumann et al. 2015fandy beaches are an important subset of these consideratidos due
their worldwide distribution(Short 1999) and are typically of high value for local
communities wherever they are foulfidlein et al. 2004) Barrier sandspits represea
special case due to their narrow lbying configuration and characteristic twin shorelines
that are often approximately paral(@tvos 2012) They play important roles in protecting
mainland shorelines andragcturing tidal inlets and lagoponsLor enzo Tr ueba
2014) They alsosupport many anthropogenic values, creating a difficult and unique
challenge for environmental planning under conditionsezievel rise(Fallon et al. 2017;
Moore et al2010)

Beach management is nuancedhghly diversestakeholder perspectivéMartinez et al.
2017) Theseare underpinnetty the many benefits dieachesas natural coastal defences,
key sites forecreationand tourismand local amenities linked to property valBarsons &
Powell 2001; Schleupner 20083eaches are also ecosystems that may require protection
from anthropogenic us@Brown & McLachlan 2002; Schlacher et al. 200B)anagement
difficulties often arse from tradenffs betweerhistorical and anticipated human uses and the
underlying natural system in which they oc¢befeoet al. 2009; McLachlan et al. 2013)
Despite these intedtependencies, the prevailing management paradigm has béotunsed

on engineering approaches that seek to control beach function anqdSonhtacher et al.
2007; Schlacher et al. 200&xamples include the use of armouring to protect nearby built

environmentgCooper & Pilkey 2012)beach nourishment programmes to maintain sediment
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budgets(Nordstrom 2005) and a wide variety of modifications for attenuating sediment
deposition trendgNordstrom 2014)Although the latter may include the purposeful use of
vegetation(Martinez et al. 2016)the conservation ohatural features and habitassoften a
minor consideration, which suggesasgenerallack of apprecion for beaches in their
natural form(Defeo et al. 2009; Dugan et al. 2010; Peterson & Bishop 2005)

The <ientific literature issymptomatic of these trends with the research effort being skewed
towards enginegeng and geomorphologgdackson & Nordstrom 2019A review byNel et

al. (2014)found that only 22% o$andy beach publicatioms the period1950- 2013 had a

focus on anthropogenienpacts conservation, or management. Furthermore, sandy beach
ecosystems are poorly represented in the conservation ecology litf@¢hieeeman et al.

2014) and often negleetl in protected area networiSchlacher et al. 2006 ontributing

factors may include their narrow configuration combined with jurisdictional overlaps and
associated management complexities. For example, many marine protected areas do not
incorporate a landward dimension despite the prevalence of threats that hawelyisti
terrestrial origins(Martinez et al. 2014)These aspects suggest a need for whole system
approaches that integrate across management zones and also respond to environmental
changgHarris et al. 2015; Schiel & HowaiWilliams 2016)

Naturebased solutions involve working with natural ecosystems to overcome societal
challengegCohenShacham et al. 2019; Kabisch et al. 200imate changeresents new
issuesassociated withsealevel rise storm eventsand interactions withother variables
(Harley et al. 2006)On erodable coasts the potential for shoreline retreat presents a
consideable threat to many current valu@dartinez et al. 2017)Conservation challenges
include accommodating the landward migration of natural environments and their
interactions with peopléFeagin et al. 2010; Lentz et al. 2016; Nicholls & Cazenave 2010)
Becauseeffective measures for habitat and ecosystem conservation are already lacking
(Hoekstra et al. 2005jhere is an urgent need to address the plight of natural sydets

et al. 2009; Jennings & Harris 2017)he concept of ecosystebased adaptation is a
solutionoriented paradigm that provides a framing pwoactive measuregRoberts et al.
2012) It has been defined disdaptation that integrates ecosystem services and biodiversity
intoast ategy to | imit the adyWNER2010)Imoorarastte o f
hard engineering it aims to maintain the properties andces of natural esystemsand to
incorporatenaturaldefences in the design of hazard management prdfeotts et al. 2009;
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Dudley et al. 2010; Spalding et al. 2014&xperience to date, however, suggests tha
implementation remains difficuiiwamsler 2015) Typical challenges include attracting buy
in from current stakeholders and identifying solutions that avoid unnecessaryoffade
(Adams et al. 2016; Di Marco et al. 2016)

In this study we explore these issues in relation to shoreline conservation on-arlpaami
sandspit with a focus on the prospects for ecosyb@sed adaptation. Additional impetus

for the investigtion arose from a recent natural disaster involving major earthquakes and
subsidence of the backshore, creating an immediate need for recOVenptds 1 and2).

This unique situation led to the government acquisition of residential land in two different
areas on the estuarine backshore in the city of Christchurch, New Zealan8.1Fig.hese
properties have since been demolished creating newulseapportunities together with a
raised awareness of natural hazards and cliotetege implications. fis studywas timed to

inform the difficult decisions faced by affected communiti@sr specific objectives were to

a) investigate potential shoreline changes on both coasts simultaneously with incrementally
rising sea levels from the current point in tir(i®, identify the potential implications of status

guo landuses for conservation of the margins, and (c) evaluate the opportunities for
ecosystenrbased adaptation with an emphasis on integration with natural hazard management

and the current disaster reepy context.
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3.2.1Study area

of
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Il sl and.

The study area is the barrier sandgpithe Avon Heathcote Estuatigutai which enters the

Paci fic

Ocean

at the southern

end of31lPegasu:s

The sediment composition of the beaches exhibits a gradient from finer sands in the south to

mixed sanegravel beaches further north in Pegs Bay(Kirk 1979). Sediment sources are

primarily the Waimakariri and Ashley Rive{Blake 1968; Kirk 1979)and a small supply of

fine sediments from the AveHeathcote Estuary catchmefidegg et al. 2015)The wave

climate is characterised by a mixture of southerly swell refracted around Banks Peninsula,

less frequent easterly and negéaserly long period swells and frequent locatjgnerated

wind waves(Hart & Knight 2009) The predominant longshore current is natluth along

the Christchurch beaches under the influence of a large eddy in fiteref Southland
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current in the lee of Banks Peninsula together with locally generated swell fromeastth
wind patterngKirk 1979; Reynoldg-leming& Fleming 2005) The semidiurnal tidal regime

is typical of a micretidal lagoontype estuary with spring tidal range of 2.2 m at the entrance
based on gauge records from nearby Port of Lyttelton (LINZ, 2019). In recent decades the
open beaches have exigaced a progradation trend despite a small rise in eustatic sea level
(Tonkin & Taylor 2017) The dune system is dominated by introduced marram grass
(Ammophila arenariy iceplant Carpobrotus edulis and lupin Lupinus arboreus with

small areas restoration planting teestablish indigenous sand dune spesigch as spinifex
(Spinifex sericeys a n d HFcpia gpaabs) (Bergin 2008; @chard 2014) The current
ecosystem is organised around a central madaminated foredune with variable frent
slope gradients, occasional secondary dunes, and crest elevations of up to 7 m above the
reach ofthe tide (Fig.3.2). The width of current sysm is constrained landward by
residential and commercial areas along the full of the sandspitheittxception ofa public

reserve at thdistal tip.

Christchurch is New Zeal andbs second | ar gest
was struckby a series of large earthquakes (up tp ML) on previously unknown fault lines
beginningin late 2010 and tapering off in 201@Beavan et al. 2012)our earthquakes
exceeded M 6.0 over the Canterbury EarthdigaSequence (CES) with profound effects on

the cityand natural environmefQuigley et al. 2016)The most serious event occurred on 22
February 2011 causing 185 fatalities and capital costs of approximately NZ$40 billion
(Kaiser et al. 2012; Pottet al. 2015)The process of disaster recovery has taken many years
due to the extensive infrastructure damage and complex decisions on future land use patterns
in relation to natural hazardslughes et al. 2015; Orchard 20178&)ajor environmental
changes in the study area and nearby Avon Heathcote Estugayitfuluded lateral spread

and liquefactionRobinson et al. 2012; Zeldis et al. 201tiglal prism and salinity changes
(Measures & Bind 2013; Orchard & Measures 201&)d new patterns of inundation
(Chapter ) Of particular relevance to this study, recovery planning has included the
estallishment of new legislation and the government acquisition of thousands of residential
propertieson the estuary shoreline and lower rividoodplains (Regenerate Christchurch

2019) An increasingawareness ofoastalhazardshas been supported by recent studies on

climate change aspedrchard & Challies in press; Tonkin & Taylor 2017)
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3.2.2Climate change mlicy context

Current climate change policy for New Zealand requinesavoidance ofedevebpmentor
land-use changéhat would increase the risk of adverse effects in areas potentially affected by
coastal hazard®epartment of Conservation 2016)azard risk assessmertie required for

a minimum 100 year planning horizomlong with responses that integrate across
administrative boundaries and are inclusive tbé built environmentpublic use and
enjoyment valuesand the fate ofnatural ecosystems and characteristic spe¢@schard
2011) Recent national guidance has suggeatedk tolerance approach structuredidnyd
usetype as a basis for selecting sea levels for consideration in risk asses¢Bethes al.

2017) This includes an accelerated warming scenario based on the K14 proje&tappadt

al. (2014)f or t he assessment of greenfield devel
impacts & high-endsealevel riserates on other land uses. Other scenarios recommended for
testing arebased on theepresentatie cncentrationpathway (RCP) median projections
following Church et al. (2013)Together, the recommeed scenariosange from 0.32 0.61

m for 2070, and 0.55 1.36 m for 2120 relative to an average mean sea level baseline for the
period1986 2005(Bell et al. 2017)

3.2.3Scenario modelling

We u®d a GlSbased scenario modelling methodoldgynvestigate potential impacts whilst
simultaneously considielg bothopen coast and esttine shorelinesThe scenario approach
focuses on the conptualisation ofplausiblefutures which may lie outsidbe realm of past
experience and yedre distinctly possible(Cuddington et al. 2013; March et al. 2012)
Uncertainty is addressed through the exploratioaltefnative futuresThis differs markedly

from probabilistic approaches that attemptdioectly incorporateuncertainties associated
with a future event(Peterson et al. 2003lEach scenario was constructed usmgnerical
simulations on 900 individual transedsvelopedusing theambur packagefor shoreline
change analysig R (Jackson et al. 2012Jransects wereastperpendicular to a smooithe

open coast shoreline 20 m intervalsand extrapdated to the estuarine shoreli(fég. 3.2).
Changes were assessed ret@atto a 2015016 baselineand spatiotemporal differences
analysed for contiguous one kilometre chainage units each containing 100 transects. Baseline
measurements were compiled using a combination of historical trend extrapolation, tidal
height modelling and field survey. We followed two sets of enviemal dhanges:dune

ecosystem movement on the open ocean shoreline and tidal saltmarsh inundation changes on
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the estuarine shoreline. Changes were modelled simultaneously -aidihllcross sections
to consider their combined effects on the sandspit feature.
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Fig. 3.2 Linked scenario models. (a) the barrier sandspit at New Brighton showing ground elevations
aboveMean Hgh Water Springs (MHWS)(b) pourpoint scenario models representing inundation of
hydrologically connected areas m25 m sealevel rise increments relative tdMHWS. (c) shore
perpendicular transect array usedsimulate open coast responses showing historical shoreline positions
and a typical section of dunes near New Brighton village.
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Open coast shorelinghange

Open coast scenarios were simulated using a combination of historical shoreline change
extrapolation and a geometric beach response model. For the latter wanwesaptation of
Bruunds rul e based owlunme@Briundds2)avidingafirstorser of b e
approximation bthe relationshipbetween Borelinemovementpy , sedlevel riseS, where

W+ is the width of the active profile perpendicular to the shoreline, h is the depth of the

active profile base, and B is the betnast elevation (Equation 1).

Py = bepSh+8 W* |/ (Equation 1)

Alternatively, this relabnship can be expressed as Equatiorw(®) e r e is theavefage
slope across the active beach profile of widiti (Komar 1998; Scientific Committee on
Ocean Research 1991)

Py = bepS / tand (Equation 2)

Beach profiles undergoing Bruitype behaviour are expected to equilibrate in response to
sealevel risefollowing a process of sediment erosion from the upper beach and deposition
into the lower portion of the profile suchatithe profile shape is maintained over tifdiany
authors have asserted tiEuun type behaviouis theexception rather than the rulieie to

the underlying assumptions being seldom if@boper & Pilkey 2004; Dead Houston
2016) For exanple, herule assumes there are ather sediment exchanges with respect to
the profile areand adjacent coastal compartmef@suun 1983) To empirically account for

the likelihood ofsediment flux effectsve incorporated recent histcal shorelinenovement
ratesas sed in similar studieGAnderson et al. 2015andrecent coastal hazards assessments
in the study are@lonkin & Taylor 2017) Thisprovides a computationally efficient approach
for addressing Bruun rule limitationalthough a key assystion is the continuation of

historical trends.

Historic shoreline data werevalable from aerial photograprgompiled bythe Canterbury
Regional Councilfor five dates overl941-2011 with shoreline positions digitised as
polylines An additional recenshorelinewas digitisedusing recenimagery(LINZ 2016), to
create a set of six shorelines spanni™® gear period. Each shorelirgpresents the seaward
limit of vegetationat the foredune toe which is a characteristic position visible in all of the
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historical imagery. Shoreline posit®and rates of changeere calculatedising the linear

regressiondnctionsin ambur(Jackson et al. 2012)

Additionally, we applied the conceptualodel of DavidsorArnott (2005)to better account

for relationships between the beach dacedunewhich are prominent in this case. This
proposes a similarelationship to the Bruun rule for shoreline responssetievel risebut
calculateshenearshae s | o p e onlythaimuddptedbodion of the active beach profile
(h) and therefore independent of the dune height (B). With rising sea levelgreded from
thedune is available for both aeolian transport and exchange witiettrehoe environment
providing a plausible mechanism for landward migration of the foredune that is not explicitly
accommodated within Bruun rule assumpti¢DavidsonArnott 2005) We adopted the 10 m
depth contour ashe lower limit of the active profile as is commonly used in other studies
(Stive 2004)and used th€016 shoreline position for the upper limit. Elevation of the latter
was extracted frona 1 x 1 m DEM prepared from airbornght detection and ranging
(LIDAR) data acquired October 203th a horizontal and vertical accuracy ££.00 and
0.20 m, respentely. This represents the most recent of several LIDAR acquisitions made
during the course of the CHBINZ 2017). The mean elevation (3.1#0.5 m SD) was used

to calculate @ a watlie of 0.01 which was applied to all simulations.

Following the above approackealevel risescenarios were generated in 0.25 m increments
with sediment supply simulated as the continuation of historical accretion rates within periods
of 25 yeas. An adjustment term was required to account for the rate of sea level change that
occurred within the period of historical observatiomkich is estimated @.9mm yr* based

on Lyttelton tidal gauge measuremeatjustments for vertical land motighlannah & Bell

2012) Each resulting scenaricepresers a uniqgue combinatioof sea level height and
historical rateof chang@ extrapolatiorwithin a defined period of timand for which thesea

level riseincrement can be compared for both the open and estuarinelngasition tosea

level rise projections usingRCP scenariogChurch et al. 2013)these represent plaible
high-end scenarios over shortane frames of < 50 years and RCP 8.5 median scenarios for
100 years and beyond (Taldd).
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Table 3.1 Specification of scenarios.

(a) Sealevel risescenarios and adjustment factors used for the estimation of beach responses on the open
coast using @ombination of the Bruun rule and historical trend extrapolation. SkRatevel rise SLR

increment s are relative to baseline conditions in 201
historical accretion trend. RCP = representative concentration pathway calcuteitisested in recent

New Zealand guidand@ell et al. 2017)M = median. H = 83" percentile(Church et al. 2013)

Time frame (years SLRincrements Historical_rate of o Comparal:_)le RCF
(m) change adjustmen scenarios
25 0.25 0.05 0.20 RCP8.5H
50 0.50 0.10 0.40 RCP8.5H
75 0.75 0.14 0.61 RCP 8.5/8.5H
100 1.00 0.19 0.81 RCP8.5M
125 1.25 0.24 1.01 RCP8.5M

(b) Orthographic heights of interest.

Description Elevation” Datasource

(m)
Lower marsh limit 0.35 this study
Mean High Water Springs (MHWS) 0.84 Land Information New Zealand (201
Highest Astronomical Tide (HAT) 1.07 Land Information New Zealand (201
Upper marsh limit 1.36 this study

“all heights are in New Zealand Vertical Datum 2016.

Estuarine shorelinehange

Estuarine shorelinecenarios were developed usimgatic inundation modslbased on
extraction of hydrological connected areas from2@&5 DEMand applyinghe same SLR
increments used on the open coast (T&8dlg Here, the RCP analogies are less important for
our purpose of simulating the temporal progression of chtmgards plausible endpoints
with a focus on exploring alternatives to the current patté defencesThese simulations
also assume instantaneous inundation of all areas below the elevation of intbrelst
overestimate inundation at the inland limit due to the effects of ground surface friction
(Passeri et al. 2015)n this caserfction effects are expectad have a limited influencen

the local variation inriundation at high tidal leveldue to the shortlow path distances
betweenriparian land and the egry basin (Fig3.1). As other effects such dke estuarine
channel alignmentwind and wave satp, barometric pressure and river discharge also
influence observed water heights, each scenario is interpreted as a discrete plausible future

independent of the frequency and conditions under which it may occur.

We consideredour orthographic heights of terest in relation tdidal heights and coastal

vegdation limits (Table3.1b). Mean High Water Springs (MWHS) and Highest Astronomic
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Tide (HAT) heightswere identified from published figures for the current 18.6 year tidal
cycle (20062018) at Port Lytteltoi(LINZ 2018a) Although HAT is defined by the full tidal
cycle, MHWS is subject to garly variations of up to 15 cm assthe cycle and the current
position is 11cm above the megihINZ 2018b)

To investigate effects on vegetation limits we deped a vegetation modedpresentative of
stable preearthquake conditions to circumvent problems vatrthquakenduced ground
level changes and lag effects in the pattern of vegetation resg@isgster 2 We used a 5

x 5 m DEM (lorizontal and vertial accuracy+0.55 and 0.15 m, respectivelipased on
LiDAR data acquiredn 2003(Canterbury Geotechnical Database 20&#d the results of a
2008 vegetation survey that mapped all coasttlandsin the estuary{Grove et al. 2012)
Characteristicestuarine vegetatn includesextensive areas of sea rushurfcus kraussjj
jointed wire rush / oioi Apodasmia similisand saltmarsh herbfield grading to saltmarsh
grasslands and coastal riparian shrubl@dibve et al. 2012; Jones & Marsden 200F)per
and lower vegetation limitsvere defined empirically using zonal statistics analysis of all
mapped estuarine vegetati polygons (n = 347) and adoptiontbé 2.5' and 97.5 ground
elevation percentiles. This recognises that isolated features such as channels and
embankments may h@esent within the wetland datasetd may have been sampled in the
raster analysis. We also reduced the effect of inacmsgan the digitisation ofegetation
unit boundarie by applying a 1m negative buffer to all polygons to reduce edge eficts.
analyses were conductéd NZTM 2000: ESPG 2193 projectiarsing QGIS v 2.1§QGIS
Development Team 2017Ratistical analyses were conducted in R v3@&3Core Team
2017)

3.3Results
3.3.10pen coast shoreline

Shoreline change rates over the 184016 period show a net accretion trend throughout the
study area with a mean of 0.29 m*ymaximum of 0.71 m yrand minimum of 0.003 m yr
on individual transest(Fig. 33).

Average values for the 1 km chainage units show considerable variation in mean accretion
rates (ANOVA F = 297.8 p< 0.001), which range from 0.170.49 m across the study area

(Table 33). Sealevel risescenarios show a reversal of thistorical accretion trend across
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the study area as a whosdthough to varying degrees. Two examples (0.5 m and 1.0 m SLR)
are explored further to illustrate consequences of these erosion scenarios which are more

severe within the middle portion of thedy area (Table.3).
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Fig. 3.3 Shoreline rates of change over a 75 ymaiodat New Brighton Beach in Christchurchlculated
from a linear regressiorof six historical shoreline positions (1942016) on 900 individual shore
perpendicular transexwith 90% confidence intervals (C.Ephown Positive values indicate accretion.

Table 3.3 Summary of shoreline changes for over the historical period-204& within contiguous km
chainage units at New Brighton Beach in Christchurch together twithSLR scenarios thassume
continuationof net sediment fluxes inherent in thestorical accretion trendcach calculation represents
mean values from 100 sheperpendicular transectSLR =sealevel rise

Historical change 1942016 Example SLR scenarios

Chainage Rate of change (m ¥ Envelope of Shoreline change from 2016 (mean + $D)
unit mean SD Cr}ﬁ]”)ge 50 year_SLRO.5 100 year SLR1.0
1 0.41 0.05 38.8 -20.1 (+ 2.6) -40.3 (£5.2)

2 0.27 0.12 26.5 -26.8 (+ 5.8) -53.7 (x 11.5)

3 0.14 0.4 16.3 -33.7 (£ 2.2) 67.4 (+ 4.3)

4 0.17 0.09 16.6 -31.8 (4.5 -63.6 (£ 9.1)

5 0.21 0.05 21.3 -30.1 (£ 2.6) -60.2 (+5.1)

6 0.21 0.06 21.7 -30.2 (£ 3.0) -60.3 (+ 6.1)

7 0.26 0.05 23.0 -27.3 (£ 2.3) -54.6 (+ 4.6)

8 0.41 0.09 321 -19.8 (+ 4.6) -39.5(x 9.2)

9 0.49 0.05 434 -15.9 (+ 2.7) -31.9 (£ 5.4)

Al units 0.29 0.14 26.6 -26.2 (+ 4.8) -52.4 (+ 8.9)

U . . .
negative values indicate shoreline retreat
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Under current (2016) conditions, accommodation space for the dune ecosystem varies
considerably de to the position of fixed infrastructure (primarily roads and car panks)
relation to the beaciThe shoreperpendicular accommodation space is between 0.64hd

m with the low end being representative of a virtual lack of dunes where seawallsbhave b
built opposite New Brighton village and at a small number of other access poiadslition

a contiguous stretch of more than 3 km (chainage ca.1@260) is characterised by a dune
accommodation space of 60 m or less (Rgl). This becomes mer significant in
consideration of the space required to maintain the current foredune size and crest height
which is in the vicinity of 6/ 9 m above HATalong the majority of the coastline. Field
measurements showed that this minimum space is in the ofdé® m from the Q16
shoreline position (dune &) as depicted by the orange line in Hg.. Under the 0.5 rsea

level risescenario this space reduces markedly to become less than the 40 m threshold over
the entire abowenentioned gap. The 1.0 m SLResario is characterised by further |lags

dunes in this section of the coastlié the far south of the study area a small area of
housing in relatively close proximity to the beach is associated with a further localised area of
loss (Fig. 3.4). Othersections of the dune system approach the 40 m width threshold (e.g.

chainage 5 6000) and are also cause for concern.
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Fig. 3.4Modelled effects of twgealevel risescenarios on position of the dune toe in relation to cufibesd infrastructurg(primarily roads)for a9 km stretch of
coastline.Dune toe positions landward of the 40 m line are associated with loss of the fofddgative values indicate the expected position in absence of

shoreline armouring
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3.3.2Estuarine shoreline

The backshoreinundation scenarios show that a large proportion of the sandspit is
characterised by low elevation topography requiring defences against flooding from the
estuary. These effects diminish towards the north (chaindg&00) where the base of the
sandspit igdelineated bythe current alignment dhe lowerAv on  Ri v e r(Fig/3.1)e&et Uk ar
Further south, vulnerability increases from the point at which the overall feature narrows to < 1
km. All of the remaining 6 km of the study site is characterised by coabiéeexposure to

flooding (Fig. 3.5a) with a high percentage of current land areas being vulnerable to SLR
unless actively defended (Fi§.5b). Currently, 27 ha of lanadccupies theslevation range

between HAT and MHW_Swhich is significant since thgostion of existingdefences is close

to MHWS.

Consequences of tHeES included the expansion of riparian wetlands along the backshore
from 42 to 11.1 haunder the influence of ground level subsidence. These changes were driven
by a small number of remnamtetlands that were able to migrate to new positions located
forward of the line of coastal defeng&hapter 2. However, the overall situation remains very
similar to the historical pattern of wetland degradation. For example, the modelled elevation
range suitable for wetland vegetation comprises 108 ha at present, indicating that the current
extent is around 10% of potential (FB)5d). Alternatively, if the upper limit of wetlands was
confined to HAT, the current extent is still only 17% of the avé&lavea. The discrepancies
arise from the location of current land uses in relation to tidal patterns. Under SLR, the
elevation range suitable for wetlands expands to maximum of 318 ha with 0.75 m SLR and
then declines (e.g. 243 ha with 1.25 m SLR). Irs¢hieigher SLR scenarios, water depths have
begun to exceed the thredth for vegetation persistenéercing movement of the lower limit.
Importantly, the physical position of this lower limit stays relatively static with SLR
increments of < 0.75 m. Thisformation is practically useful since it suggests that saltmarsh
re-establishment will remain possible in the vicinity of the current coastal margin for a

considerable time, even under conditionsedlevel rise(Fig. 3.5d).
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Fig. 3.5 Spatiotemporal scenarios of flood risk development on Southshore sandspit backshore with 0.25 m
increments ofsealevel rise (SLR). (a) areaof dry landabove the elevation of hydrologicaitpnnected
inundation pathways at highest astronomite t{HAT). (b) percentage of 2015 land area at risk. (c) land
volume above HAT Calculations reflect the open coast dune system in its current (2016) pogifion
Changes in the elevation range suitable for coastal wetland vegetation in relatesdeteel rise Each
scenario assumes current topography and negligible-glatge effects that may arise from ground friction.
Notedifferent scales on Y axes in (@ndlegend shared by (a) and (b)

3.3.3Twin coast effects

The combined effects afealevel riseacting on opposite shorelines are considered using the
linked scenarios to simulate shoreliokangewith and witiout anthropogenic intervention

With a lack of interventionseveral pinckpoints can be identifiedvith implications for
persistence of thendform Under the 0.5 m SLR scenario a 2.5 km area of heightened flood
risk develops on the backshore that overlaps with the area most vulnerable to dune system
loses (chainage 3 5500). South of chainage 7000 similar effects are severe with
approximately twethirds of theland areabeing vulnerablevithout backshore defences (Fig.

3.5). With a 1m SLR these risks are exacerbated in some areas (e.g. between chiadG@@ 2

and 51 7000) but to a lesser extent elsewhere, providing useful information for the timing of

responses (Fig. 3.6)
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Fig. 3.6 Crosssection scenarios for thiearrierforming sandspitat the Avon Heathcote Estuary lhutai,
Christchurch undesealevel rise Potential changes are simddtfor both shorelines concurrenthn 900
transects at 10 m spacing and reflect the distance between the highest astiideofHi&T) elevation on
theestuarinedbackshoreand position of the dune toe on the open ocean beach

3.4 Discussion
3.4.1Sealevel riseon a sandspit

Barrier translation studies hawhown that there is no singlmiversal model that accounts for
thar historical behaviour and similarly, that could reliably predict change uindere sea

level rise However, itis clear that landward translation can only result from sediment
deposition in the backshoreLor enz o Tr ueb a Thére es dssentially faud 1 4 )
mechanisms by which this may occur undenditions ofsealevel rise barrier rollover via
overwash, sediment injection via ibl®rmation, aeolian dun&ansgression and backshore
accretion from suspended sedimgiitsward 1981)Sedimentary records have also shown that
barrier translation within human timeframes (< 100 years) may not naturally occur. For
example, Leatherman (1983)yeported cases where bothasts of a barrier have been
submerging over > 1000 yeamnplying a progressive narrowing of the landform. Despite this,
modernday engineering capabilities convey a strong potential for anthropogenic influence that
marks a steghange fothe consideratin of future changgin relation to the past.
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3.4.2Sociocecological aspects

A review of barrier translation mechanisms lggtrative of the potential effecbf peopleon a
periurban sandspitSince defence against overwash from large storms and tsundesiiable

for hazard managemefiKron 2013) this is an unlikely mechanism for nourishmentttod
backshore. Anthropogenic interventions will strive to prevent its occurrence over at least the
short to medium ten. Similarly, new inlet creation is unlikely to be accommodated within the
current development patterwhich in this casdeatures a nearontinuous strip of beachfront
residential property as is common elsewh@eoper & Pilkey 2012)Should this occur, the
most likely breach point is at New Brighton village where there is a high density of
commercial property. The inundation mdohg shows evidence of a backshore scour basin in
this location (Fig.3.2) in addition to the current dune system gap. Although it is possible that
breaches may have occurred here before, such events are nawpatibbe with the

development trend.

The socio-ecological context also suggests the absence of a realistic mechanism for dune
transgression, at least in the short to medium term. Previous experience with dune narrowing in
the north of the study area included frequent episodes of sand loss frobadkdune

(Fig. 3.7a). This had a damaging effeat cesidential areas and posed a vehicular hazard on
roads that necessitated regular physical removal after storm events (R. Chambers, pers.
comm.). Although this history demonstrates the evolution of @ansed transport pathway
towards the opposite shore thaas curtailed by dune regrading, it also illustrates tensions
between natural processes afttte built environment The only realistic transgression
mechanisms involve the creation of dune migratiainpays where the system is permitted to
move inland towards the estuarine shore. Thigery unlikely to achieve social acceptability
though in theory could be facilitated at narrow phpdints if combined with partial retreat
strategies as a responselimate change.

In contrast to the above three mechanisms, there are fewer impediments to the encouragement
of backshore accretion from suspended sediment sources.sddieecological context
suggests that the goal of saltmarsh conservation could kédyreapported provided that
inundation hazard concerns are simultaneously addreSseedral contributing aspects suggest

that the disaster recovery settiraffers new opportunities for building climate change
resilience. Firstly, despite the historicalofection of saltmarsh ecosystems under statute,

actual development patterns have had deleterious effects. This is evidenced by the fragmented
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pre-earthquake distribution of wetlands associated with extensive shoreline armouring and
associated vegetatiomgs (Fig.3.7b). In response to subsidence sosites have retained
intact saltmarsh ecosystems seaward of built deferfEas 3.7c), whereas elimination

occurred at others contributing to gaps and erosion BFid).

Elevation above MHWS
Il 0.0 m (2015)
B 0.25m
0 0.50 m
0.75m

1.00 m

Il 125m
B 150 m
Il 175m
BX3 Wetland extent 2015

Avl _car W ¢

Fig. 3.7 Displacement of naturaandspit environments. (a) dune narrowing on the open coast beach at New
Brighton. (b) armouring on the estuarine backshore with associated lack of intertidal vegetation. (c) example
of recovering saltmarsh seaward of armouring in an area that expdrgrxgdence. (d) a nearby site where
vegetation has not recovered indicating the exceedaina local tipping point (photograph taken November
2019.

Vo e By

Second, and perhaps most importantly, the advent ohqekeinduced subsidence and
governmerled managed retreat may enable saltmarshetcun processes to be-séarted.The
relaxation of oversteepened shore profiessociated with current defencesovides a
opportunity to move towards natural defences that encowegetatiormediated sdiment
sequestration These carelp naintain the current landform and potentiadlgsist longer term
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barrier transgressiofiKirwan et al. 2010; McKee et al. 2007)his differs from the strategy of
reactivating floodplain®ehind existing defences as it creates the potential for marsh expansion
seaward of their current positions and could potentially help prevent the upeatkrecently

drowned marsh with consequent loss of blue carbon (Chapter 2).

3.4.3Challenges fordune corservation

Despite the opportunities for ecosysteased adaptation on the estuarine shoreline we also
identify a perilous situation for the conservation of dunes. The open coast scenarios indicate
that over a third of the study arisan need of urgent &ntion.Risk reduction is required since

the implications of dune loss include lower levels of coastal hazard protéatemighlight

two aspects of risk management that are relevant to the design of adaptation pathways. First,
the principle of risk acecral in both built and natural environments is exemplified by the coastal
squeeze situatiorf-ailure to addressisk in its totality is likely to result in losses in the
neglected dimension and has historically lead to beach and dune degradatiorralieeotibs

with other desirable land uséBery et al. 2013)Second, adaptation pathways musatianed

to, andspecifically gearedor, natural hazards and disastecoveryactivitiessincedeleterious

effects are likely to be manifestéd stochasticevents(Cowell et al. 2006) These no#inear

aspects suggest the need for proactive approaches in which key strategies are enabled prior to

the occurrence a@xtremeevens.

Specific challenges for dune conservation includedkel of commitment to duneestoration
following storm events in which foredunes become narrowed or lowered. Uradiaral
conditions landward transgression of the foredune is expected to occur via sand movement
through low pointdollowing erosion eventand a generally high cagéy for seltrecovery
(Martinez et al. 2016)Howeverthe minimum space principle illustrated here indicates a
threshold beyond which these processes become incompatible with currenisdand
Decisions made beffe impactsbecome critical are importatd enabling a full consideration
of potentialsolutions Usefulapproachesmay include retaining narrow sections of dune system
to help maintain height and prevent sand loss from the backgtige3.7a). Dune plant
restoration can also be practiced forwardeofyineereddefences, including after periodic
erosion though witlthe expectation of diminishingeturns on investment with risirgga levels
(Orchard 2014)
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Realistically, however,there areonly two plausible pathways forsavung dunesand their
associated beachasder progressivesealevel rise, assuming th@bsence of any natural
increase in sediment supply. These are anthropogenaurishment and assisted dune
migration. Despite the apparent synergy betweene conservation and coastal hazard
protection the long term prospects for dune persistence appear to hinge on the commitment to
one of these approach@Sooper & Pilkey 2012)In the present case, neither option basn
contemplatedn the discours#o date suggeshg thatthe current adaptation pathway is aligned

with reliance on seawall Although the natural sediment nounisent rate might accelerate in
event of greater expulsion fronearby riversthe reverse trend slsopossible(Hicks 1993)
Therefore, wile the monitoring of accretion rates will remain importaitis essentialto
progress active strategies for climate chaadaptation Failure to do so is likely to limit the
opportunitiesfor incorporaing naturebased solutions. king early action on selavel rise
affords the bestchance of devising adaptation strategies that are effective across a range of

values and are workable for the communities involved.

3.4.4Limitations of scenario models

Although scenario models are useful tootsis important to emphasise that each scenario
provides a representation of potential outcomes in consideration of a limited number of
parameterghat simulate a&complextrajedory of changegYohe et al. 1999)Time varying
aspects are implicitly incorporated though not directly simulated in ¢nénety. For example,
inundation scenarios on the backshogflect a lack of defenes whichis unikely. Instead,
various configurations of defencese expected and the scenarios meva touchstone to
inform potential strategs. On the open coast shline, historical accretion rates are directly
accounted for in the projected scenarios. However, since their future trajectory is also

unknown these simulations arealéop | ausi bl e futur es émakingsi gned

3.4.5Concluding remarks

This senaricbased assessment identifies major challenges for the protection of drehch
backshore environments periurban setting The overriding conclusion is that these features

are likely to become degraded over time unless society can effectivelyaietegnservation

and natural hazard management in a changing clifiaige perspective that some conservation
objectives are better pursued elsewhere is valid though implies accepting the loss of natural

assets such as local beacfféshlacher et al. 200.7%ince other intensive land uses are present
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along the coastal margin within a wide radius of the city, early and strategic planning will be

essential to identify opportunities for this form of offsetting, améd®mmended.

The conservation of petirban beaches and dunes presardsficult situationdue to thehigh
intensity of existing landises and need fadditional spacdBerry et al. 2013)Although

beach nourishment is a relatively common practioe similar situations worldwide
(Nordstrom 2005)ts adverse effcts can also be substanti@eterson & Bishop 2005pPneof

the best prospects in tipeesent studyies on the estuarine shoreline where governreent
acquisition creates an oppunity to work with nature taeverse the plight of riparian
wetlands. There is potential both to restore intertidal habitat and restart saltmarsh accretion.
The major decisions required relate to the reconfiguration aebhe defencedo achieve a

more natural solution.

In absence of a major open coast erosion ewuéet longterm viability of defending the
backshore may prove to be a tipping pdortperspectives on adaptation and resilience. Here,
the temporal progression aspeofsthe scenario analyses can provide useful insights. They
highlight the efficacy of maintaining a perimeter defeon a long narrow landforms avell as

the concurrent challenge of draining ponding areas behind the line of such defences. The
potential effect ofgroundwater connectionan riparian water tablesay alsobe considerable
(Smith et al. 2016)creating a further consideration fibre design of hydrological defences
Theseaspectalsosuggest that natural barriganslation processes are likely be required in the
longer term to prevent eventual submergence. On both affected shomadineally occurring
ecosystems hawbe potential to modulatéhe effects of sebevel risedue to their influence on
sedinent bud@ts and sequestratiollthough locally preferred approaches are likely to
include a degree of additional fortificatioronsideration shoultde given to the role of nature

basedsolutions, especially over longer timeframes.
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PART 2

SALT WATER | NTRUSION AND HABITAT SHIFTS

Part 2 of the thesimvestigates the potential for salt water intrusaffects associated with
bathymetric changes in thiewer rivers andtidal lagoon basin. fie issue of whitebait
conservation w&s the specific focus of this worklue to a previously reported relationship
between thdocationof § n a rGglaxiag maculatysspawning sites anthhe upstream limit of
salt water intrusionn coastal waterwayslhis species makes upe bulk of the whitebait
catch a traditional opefaccess fishery of significantultural and economic value. &
objectves for these studies wetiee detectionand quantificatiorof habitat shifts that may
result from salinity changes, and the evaluation nefv vulnerabilitiesand associated
implications for disaster recoveagtivitiesandlonger term climate change adafbn

Chapters 4 and 5 describe the developrménew methodologies artteir application tatesta
hypothesis ohabitat migratiorassociated witlsalt water intrusiohangs. Chapter 4 presents

a comprehensive survey methodology tmantify spawningactivity for spatiotemporal
comparisonsChapter Sdescribes the novel use of artificial habitasdetection tools to help
overcome field survey limitations in degraded environments where egg mortality can be high
Following a secessful pilot study ihe first year of research this technique wascgledas

part of acollaborative project funded by the Department of Conservation and involving a wide
range & participating organisation€Chapter 6preseng results froma two year study of
spawning haltat dynamicsusing the above methodologies. Major habshfts were detected
along with new patterns of vulnerability resulting from thew distributionof spawning
habitatin relation to human lanrdses.Subsequent work with stakeholdéeginning 201 has
implemented adaptive management meastimegsigh spatial planning informed by the post
earthquakeesearchChapter 7investigateghe effectiveness afonservation planning methods

for the protecton of spawning sitesas is required by higher levelgticy. This study was
conceivedas a comparative evaluation of three contemporary approaches in relatien to
observedabitat shiftsand with regards to the likelihood of future changes driveseajevel

rise.
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Whitebait find new sites to lay eggs post Canterbury earthquakes

Published: 10:48AM Monday March 16, 2015 Source: ONE News
Email this article Print this article Textsize + -

Whitebait may be the unsuspecting
beneficiaries of the Canterbury earthquakes

Whitebait eggs have been found in areas
where none have previously been seen four
years after the quakes devastated the lower
reaches of the Heathcote River and its mouth
at the Avon-Heathcote estuary

Adult whitebait lay their eggs in streamside
vegetation in the area where saltwater mixes
with fresh river water, says University of

Canterbury doctoral researcher Shane Shane Orchard carrying out whitebait research work in
Orchard Christchurch - Source: Supplied

The PhD research investigates the vulnerability
of coastal conservation areas and Mr Orchard is using earthquake effects to simulate the type
of issues that might occur with climate change

Whitebait have been in decline and management is an ongoing conservation issue

Because of uplifting and liquefaction at the river mouth, the local pattern of saltwater intrusion
is thought to have changed and large numbers of whitebait eggs have now been found in the
lower Heathcote River, closer to the estuary than ever seen before

"I am exploring the salinity environment in the lower reaches of the Christchurch rivers to get a
better picture how this might affect whitebait spawning sites and ways they can be protected,”
Mr Orchard says

nent of wwaterw f

Box 1 TVNZ ONE News coverage of egrtesults from the whitebait reseangfogramme and outreach
brochures mrducedn collaboration with the Department of Conservation in English and Te Reo
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Chapter 4

Censussurveyappoach to quantifying Qn

conservation and management

Shane Orchard
Michael J. Hickford

! Waterways Centre for Freshwater Management, University of Canterbury and Lincoln University
2 Marine Ecology Research Group, UniversityQznterbury

Abstract

Here we describe a methodology for detecting
(Galaxias maculatys a protected native fish species. Our approach is demonstritec

survey of the Heathcote Riveep U w dollowing the Canterbury earthquakes that produced
unexpected findings. The survey methodology detected spawning habitat over a 2.5 km reach
and the area occupied by spawning sitesng?Bwas much larger than in previous records (ca.

21 m?). Sites dominated by thewvasivePhalaris arundinaceavere found to support high egg
numbers. Spawning has not previously been reported on this species and it is currently
identified in the literature as a threat to spawning hab@ainsiderable spatitemporal
variability was also detectecdh ithe location of spawning sitesd pattern of egg production.
Together these aspects illustrate the need tmmprehensive survey methodology to reliably
quantify spawning habitat. Thdeathcotesep Uwaho exampl e shows t he

approactfor achieving thisand supporting habitat conservation objectives.

Keywords
Conservation planning, habitat protection, waterway management, survey methodology,

whitebait,Galaxias maculatydNew Zealand

93



Census survey approachtoquai f yi ng 9onanga spawni ng

4.1 Introduction

Q n a rGglaxiag maculatus]enynsl1842) is a riparian spawning diadromous fish species that
comprises most of New (McPavhllale8d)d sH owhe vt ecaibea i G n & n
currently | i-dteed i asng@ti mi she New Zeal and
(Goodman et al. 2014National policy under the Resource Management Act 1991 includes
protection requirements for at risk species, and there are further statutory protections under the
Conservation Act 1987. In practice, this creates a pronounced tension between conservation
and the fishery value of the species. This has been recently highlighted in a range of policy
contexts including concerns presented to the New Zealand Conservatioority regarding

the sustainability of the fishefgsoodman 2016)

The protection and enhancement of Qnanga sp
conservation as well as being a policy requirement. Globally, lowland riparian zones have been
increasingly modified by urbanisation, impoundment, and floodplain developfikentish

2002) These changes have contributed to the d
riparian habitat for critical aspects of their life cy¢hickford et & 2010; Mitchell 1994)

Despite being a weknown species, there are few examples of field studies that have
comprehensively quantified the |l ocation and
essential information for managing threats through agbesasuch as spatial planning and the

design of protected areas.

Obtaining improved spatial data it straightforward becausenanga spawni ng h
strongly structured by salinity and water level, both of which are highly dynamic. As a
consequece, field studies need to account for fluctuations in time and space. At the catchment
scale, spawning sites are usually found close to the interface between saline and freshwater
(Burnet 1965; Taylor 2002)At the river reach scale, the distribution is finely structured
vertically with eggs being laid very close to the spring tide Jwglker level(Hickford & Schiel

2011a; Richardson & Taylor 200Zyhese factors vary considerably in accordance with tidal

cycles and river discharge. There is also a defined peak in seasonal spawning activity that
varies around the counti§faylor 2002)and potentially between years. All of these factors

must be addressed simultaneously to quantify spawning habitat and prioritise @reas f

protection as part of an effective conservation strategy.
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The objective of this paper is to describe a research approach that addresses these needs. First,
we describe a census survey methodology for quantifying spawning habitat at catchment scale.
Secad, we demonstrate its application and utility for management usisgney of the

Heathcote Rivesgep U w ashan example.

4.2 Methods
4.2.1Survey approach

Previously reported trends in peak spawning mo(iflaglor 2002)were used to establish the

survey period. On each month of the survey, the extent of potential spawning habitat was
assessed using salinity data as a guide to determining it®togathe catchment. Spawning

was detected using direct searches of riparian vegetation and spawning habitat quantified as the
Area of Occupancy (AOO) of eggs as observed. The remainder of this section describes the
methodology used in applying this apach to a survey of the Heathcatep Owa ho over f
months (FebMay) in 2015(Fig. 4.1).

The Heathcoteep Uwa h o i -fed, lawlasdpwaterway with an average base flow of
approximately 1 cume¢White et al. 2007) Riparian vegetation speies in the study area
included pasturegrasses such as tall fescugcliedonorus arundinacéuand creeping bent
(Agrostis stoloniferp together with herbs such as monkey muBkythranthe guttaty
watercress Nasturtium officinalg and mint(Menthaspp.). The invasive exotic reed canary

grass Phalaris arundinacep wa s wi despread t hroughout t he
spawning habitat elevation range. Infestations Glfyceria maximawere also present
downstreamlndigenous plant speciggeregenerallyscarce but included rushegincusspp.),
occasional sedges (e.gGarex sectp and harakeke Phormium tena)x Oioi (Apodasmia

similis) became more common near the downstream limit of the study area along with
saltmarsh ribbonwoodP{agianthusdivaricatug and other saltmarsh speci&nall stands of

r Uu fypha (rientaliy and kuawa $choenoplectus tabernaemonjamiere also present,
generally at slightly | ower el evations than

main channel.
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Pacific Ocean

Fig. 4.1Location of the study area ihe Heathcote Rivelep U w adtchment with survey extent shown in
yellow.

4.2.2Establishing the survey are.

During the December 2014 and January 2015 new moon spring tide sequence, the upstream
extent of saltwater intrusion was determined using a handhétitysaheter (YSI Model 30,

YSI Inc., USA). The progression of the flood tide was followed upstream as described in
Richardson & Taylor (2002but using kayak Measurements were taken 10 cm from the
bottom and top of the water column at locations recorded with GPS. Three
conductivity/temperature loggers (Odyssey, Dataflow Systems Ltd, NZ) were deployed over
the spring tide sequence with each logger secureminl@bove the riverbed. The loggers were
deployed near the upstream limit of salt water, near the saltmarsh vegetation transition zone
(downstream), and at an intermediate position. Logger data were used to verify the peak
salinity intrusion days across ttidal cycle while interpreting the handheld meter data.

The upstream margin of the survey area was set 500 m upstream of the 0.2 ppt saline intrusion
peak based on all measurements. This was interpreted as the upstri¢éains@awater in the

Heathcoteeep Uwa ho because a 0.1 ppt measur ement

96



Census survey approachtoquai f yi ng 9onanga spawni ng

further upstream. The downstream extent was set at the transition to dominant saltmarsh
vegetation which is considered to be unsuitable for spawiMitghell & Eldon 1991) In the
Heat hcot e/ &@pUwaho t hi sis totrtrease ih all siversThese stepsb t | e,

resulted in the selection of a.@ km reach for surveying (Fig.1).

4.2.3Detection of spawning sites

To achieve coverage of the entire survey reach within time restrictions, areas of potential
habitat were first ideifted in a subjective survey similar to the expert judgement approach of
Hicks et al. (201Q)but using setriteria to define areas of higinoderate and poor quality

habitat (Table 4.1). All areas of moderate andhigh quality habitat were surveyed
systematically to detect egg occurrence. For each 5 m length of riverbank, three egg searches
were completed at random locations at least 1 m apart. This resulted in a large number of
independent searchdsach search wolved inspecting the stemstillers and root mat of riparian
vegetation along a transect that ran perpendicular to the high water mark. A 0.5 m wide and 2

m long swathe was inspecttdl m ei t her side of the high wat
found the search area was extended by at least 50 m either side of the last occurrence to

confirm the full extent of spawning.

When gquantifying spawning habitat, mortality of eggs betwgenwaing and the survey is a
potential confounding factofHickford & Schiel 2011b) To minimise this, a standardised
schedule was used to improve comparability between months @.&bleSurveys commenced
six days after the peak tide sequence each month. Four to five days of surveying wesglrequi

each month using a team of thpsople.

Table41Qnanga spawning habitat quality classes and cr
Class Quality of habitat for Expected egg Criteria

supporting spawning mortality rate
1 Poor High Vegetation cover <100%

or
Stem density <0.2cth

2 Moderate Moderate Vegetation cover 100%
Stem densit >0.2cnf
Aerial root mat depth <0.5cm

3 High Low Vegetation cover 100%
Stem density >0.2cth
Aerial root mat depth >0.5cm
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Table 4.2Tidal cycle data and survegriods for the 2015 Heathcote\Rr &2p U w auinvey.

Month _of Peak tidal  Peak tidal Lunar phase Pe_ak Edal Survey period
spawning cyclestart cycle end height™ (m)

February 22/2/2015  25/2/2015 new moon 2.6 March 36

March 20/3/2015  23/3/2015 new moon 2.6 March 29- April 3
April 18/4/2015  20/4/2015 new moon 2.6 April 2630

May 17/5/2015  19/5/2015 new moon 2.6 May 2630

Llpredicted tide levels at Port of Lyttelton (Lat. 43° 36" S Long. 172° 43' E) in metres above Chart Datum (Source: LINZ).

4.2.4Spatial data

Spawning 0sitesd wer e d-eohtinuous dpatches of eggs twithn u o u
dimensions defined by the pattern of occupancy. For all sites, the upstream and downstream
extent of the site were established, coordinates recorded and length measured. The width of the
egg band was measured at the centreline of the search transects alhm the site

(minimum of three, adding additional transects where needed). Zero counts were included
where they occurred (i.e., at discontinuous sites). Mean width of the egg band was calculated

for each site. Area of occupancy (AOO) was calculatdéragth x mean width. For temporal

anal ysi s, spawning was <considered to occur

between months.

4.2.5Spawning site productivity

Productivity of each site was assessed by direct eggs counts usingsanguimg method
adapted fronmHickford & Schiel (2011a)For each transect, a 10 x 10 cm quadrat was placed in
the centre of the egg band and all eggs within the quadrat counted. For atypical locations where
the egg patch was not a narrow band (e.g., in low bank gradient,aeas)f grid was
overlaid on the site and a 10 x 10 cm quadrat sampled at the centre of the egg band within each
grid. This improved sampling spread along the vertical bank profileq&adrats with very

high egg densities (> 200 quadtategg numbers were estimated by further-saimpling

using five randomly located 2 x 2 cm quadrats and the average egg density of thesissub
used to estimate egg density for the larger 10 x 10qoadrat. Mean egg density was
calculated from all 10 x 10 cm quadrats sampled within the site. Productivity was calculated as
mean egg density x AOO.
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4.3 Results

4.3.1Habitat quality assessment

Within the study area, over 1.5 km of the truehtipank was assesbeas having highor
moderate quality and was selected for egg sur(feigs 42). These areas were not contiguous
being spread out over a ca. 4 km reach extending from above the known spawning site near
Opawa Road to near the dostream limit of the survegrea.Habitat quality was assessed as

poor for a large proportion of the true left bank as a result of steep bank profiles (often vertical)
and erosion in the vicinity of the spring tide high water mark with typically sparse vegetation.
Only small sectios supporting more established riparian vegetation were selected for egg
surveys with the exception of a contiguous reachao5@0 m near the downstream limit of the
study aredgFig. 4.2). The reach between Radley Street and the tidal barrage offere¢y mostl
poor habitat quality @ both bankswith tall trees limiting the amount and density of

understorey vegetation in the riparian zone.

4.3.2EQg surveys

Thirty-two spawning sites were identified over the four month survey period distributed over a
reach of apprarnately 2.5 km with the upstream extent being Opawa Réayl 4.2).All
spawning was found i@ h i g h 6 haljtat salidating/thd@abitat quality classificatiofTable

4.1). The number of spawning sites detected varied considerably between monthgevith n
found in February, 27 in March, 27 April, and six in May (Fig. 42 Repeated use of the
same area of riparian vegetation was observed at some sites, but other sites wergyused
once. Of the 27 sites found in March, 24 weraised in April, buthe AOO often differed. Six

sites (19%) were used only once, 23 sites (69%) twice, and four sites (12%) three times, with

no site used on all four months of the survey.
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Fig. 4.2Areas subject tgystematic egg searches andaltiors of spawning sites dectedin the Heathcote
River &&p U w adicbmenin eachmonth (Februaryi May) of the survey. The upstream limit of salt water
(as measured) is also shown.

Area of occupancy showed a defined peak in March (57.% #a7;6§* SE) (Fig. 43a). Very

little spawning was recorded in M&¥.4 nf + 0.2). The productivity peak was also in March
with 3.3 x 16 eggs recorded (Fig. 3b), three times that of the next highest month (April).
Total egg production over all months was 4.93 X 4®.44 x 16 eggs. Areas of occupancy
varied considetaly across the study area with large areas found a long distance apart (Fig
4.4a). The largest area was 13.8 mcorded in February and in general not all sites were used
in all months. Using the maximum AOO recorded at each of the 32 sites over dtispibiet
cumulative AOO of spawning habitat utilised at least once was 74.6The spatial
distribution of egg production (Fig. 4b) often reflected the AOO of spawning sites, but also
showed evidence of highly variable egg densities. Thhdsigmean desity was 13.5 eggs
cm? near Opawa Road, but >10 eggsawere also recorded at two other sites. The average

mean egg density across all spawning sites and months was 2.9 &g G,
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