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ABSTRACT 

Coastal margins are exposed to rising sea levels that present challenging circumstances for 

natural resource management. This study investigates a rare example of tectonic displacement 

caused by earthquakes that generated rapid sea-level change in a tidal lagoon system typical of 

many worldwide. This thesis begins by evaluating the coastal squeeze effects caused by 

interactions between relative sea-level (RSL) rise and the built environment of Christchurch, 

New Zealand, and also examples of release from similar effects in areas of uplift where land 

reclamations were already present. Quantification of area gains and losses demonstrated the 

importance of natural lagoon expansion into areas of suitable elevation under conditions of 

RSL rise and showed that they may be necessary to offset coastal squeeze losses experienced 

elsewhere. Implications of these spatial effects include the need to provide accommodation 

space for natural ecosystems under RSL rise, yet other land-uses are likely to be present in the 

areas required. Consequently, the resilience of these environments depends on facilitating 

transitions between human land-uses either proactively or in response to disaster events. 

Principles illustrated by co-seismic sea-level change are generally applicable to climate change 

adaptation due to the similarity of inundation effects. Furthermore, they highlight the potential 

role of non-climatic factors in determining the overall trajectory of change. 

 

Chapter 2 quantifies impacts on riparian wetland ecosystems over an eight year period post-

quake. Coastal wetlands were overwhelmed by RSL rise and recovery trajectories were 

surprisingly slow. Four risk factors were identified from the observed changes: 1) the 

encroachment of anthropogenic land-uses, 2) connectivity losses between areas of suitable 

elevation, 3) the disproportionate effect of larger wetland vulnerabilities, and 4) the need to 

protect new areas to address the future movement of ecosystems. Chapter 3 evaluates the 

unique context of shoreline management on a barrier sandspit under sea-level rise. A linked 

scenario approach was used to evaluate changes on the open coast and estuarine shorelines 

simultaneously and consider combined effects. The results show dune loss from a third of the 

study area using a sea-level rise scenario of 1 m over 100 years and with continuation of 

current land-uses. Increased exposure to natural hazards and accompanying demand for 

seawalls is a likely consequence unless natural alternatives can be progressed. In contrast, an 

example of managed retreat following earthquake-induced subsidence of the backshore 

presents a new opportunity to restart saltmarsh accretion processes seaward of coastal defences 

with the potential to reverse decades of degradation and build sea-level rise resilience. 
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Considering both shorelines simultaneously highlights the existence of pinch-points from 

opposing forces that result in small land volumes above the tidal range. Societal adaptation is 

delicately poised between the paradigms of resisting or accommodating nature and challenged 

by the long perimeter and confined nature of the sandspit feature. 

 

The remaining chapters address the potential for salinity effects caused by tidal prism changes 

with a focus on the conservation of ǭnanga (Galaxias maculatus), a culturally important fish 

that supports New Zealandôs whitebait fishery. Methodologies were developed to test the 

hypothesis that RSL changes would drive a shift in the distribution of spawning sites with 

implications for their management. Chapter 4 describes a new practical methodology for 

quantifying the total productivity and spatiotemporal variability of spawning sites at catchment 

scale. Chapter 5 describes the novel use of artificial habitats as a detection tools 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 due to the continuation of pre-disturbance 

land-uses. Unexpected findings includes an improved understanding of the spatial relationship 

between salinity and spawning habitat, and identification of an invasive plant species as 

important spawning habitat, both with 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) in 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 between PA boundaries and the values requiring protection. To reduce 

unnecessary trade-offs with other land-uses, 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 informed by both 

monitoring and modelling of future shifts and these are expected to include upstream habitat 

migration driven by the identified salinity relationships and eustatic sea-level rise. 

 

The thesis concludes with a summary of the knowledge gained from this research that can 

assist the development of a new paradigm of environmental sustainability incorporating 

conservation and climate change adaptation. Several promising directions for future research 

identified within this project are also discussed.  
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STUDY DESIGN AND CONT EXT  

Over recent decades the conservation of coastal margins has become increasingly difficult 

alongside human population growth and land-use intensification. In part, these trends reflect 

the popularity of coastal areas for people though also illustrate a need for improved attention to 

the sustainability of modern development. Climate change poses an additional and pervasive 

threat that will be difficult to accommodate in many low-lying areas due to the effects of sea-

level rise. Likely changes include new patterns of coastal erosion, tidal inundation and 

exposure to water-borne extreme events with widespread potential for negative effects on both 

built and natural environments. The concept of ecosystem-based adaptation is one of the so-

called nature-based solutions that involve working with natural ecosystems to overcome 

societal challenges. In contrast to hard engineering paradigms with a focus on taming nature 

these approaches promote the maintenance and services of natural ecosystems including their 

potential roles as natural defences. 

 

Despite these promising holistic frameworks, the severity of climate change suggests that 

solutions will  lie predominately outside of the bounds of direct experience. As a consequence, 

society faces an urgent need for innovation to improve its capacity to manage climate-related 

risks. To help inform these challenges, I undertook a programme of observations, experiments, 

and modelling to investigate an extreme disturbance event that offered novel empirical insights 

for both disaster recovery and climate change adaptation. It involved a rare situation of relative 

sea-level change (ca. 0.5 m) associated with vertical displacement of the coastal environment 

during the Canterbury Earthquake Sequence (CES) in the city of Christchurch, New Zealand 

(Fig. A1). There have been few studies of tectonic displacement in contemporary aquatic 

environments and similarly few studies of rapid sea-level rise events due to their limited 

occurrence. From these perspectives the CES represented a unique opportunity to improve the 

understanding of earthquake effects on coastlines and identify linkages between disaster 

recovery and climate change adaptation in relation to relative sea-level rise.  

 

Impacts were assessed from a socio-ecological standpoint in which physical changes and the 

role of anthropogenic contributing factors were each evaluated. The process of disaster 

recovery was investigated as a context for climate change adaptation, adding an additional 

dimension to the evaluation of impacts and potential responses. In this case disaster recovery 

initiatives included government acquisition of previously residential land in two areas of very 
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different scale and environmental setting, and the reinstatement of pre-disaster land-uses 

elsewhere. These contemporary management contexts are characterised by diverse stakeholder 

interests typical of many communities facing natural hazards and climate change. 

 

Two major impact themes were followed, shoreline position changes and salt water intrusion 

effects, both of which are pervasive drivers of change. The research was organised around a 

primary case study area (the Avon Heathcote Estuary Ihutai) and subsidiary cases defined by 

characteristic natural environments and current conservation priorities. These encompassed a 

variety of conceptual and geographical scales to include: the estuary and barrier sandspit 

landforms at the natural feature and landscape scale; riparian wetlands and intertidal zonation 

at the characteristic ecosystem scale; and spawning habitat for a culturally important fish 

(Galaxias maculatus) at the species-specific scale. Each of these environments was expected to 

be impacted by relative sea-level changes induced by tectonic displacement, though the 

magnitude and detectability of these changes was initially unknown.  

 

 

 

Fig. A1 Overview of the research programme for evaluating relative sea-level change effects of tectonic 

displacement caused by earthquakes in Christchurch, New Zealand. 
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PART 1 

SHORELINE CHANGE ANAL YSES 

Part 1 of the thesis investigates the phenomenon and consequences of shoreline position 

changes that arose from tectonic displacement, and similarly, are an important aspect of 

adaptation to climate change. The three studies are each exploratory in nature and deal with 

different thematic and geographical scales within the overall context of a linked socio-

ecological system responding to a pervasive disturbance. The studies were conceived and 

designed sequentially building on the results of the initial investigations..  

 

Chapter 1 presents empirical observations of environmental change pertaining to the Avon 

Heathcote Estuary Ihutai as a natural feature and ecosystem that is the subject of protection 

under current policy and law. The key themes in this paper are the quantification of ground 

movements and shoreline position changes in relation to sea levels together with the 

characterisation of spatio-temporal variability in the observed patterns of change. The 

methodologies employed are underpinned by the availability of high resolution spatial datasets 

that cover a considerable period post-disaster and include a comparable dataset representative 

of pre-earthquake conditions.  

 

Chapter 2 extends the theme of relative sea-level and shoreline position changes to examine 

consequences for coastal wetlands and the considerable ecosystem services they provide. The 

methodologies employed focus on landscape-scale aspects through the use of geospatial 

analyses to detect and quantify spatiotemporal variation across the study system as a whole 

before exploring specific mechanisms of change at the scale of individual wetlands. To address 

the potential for lag effects in the vegetation response the temporal aspects of this study were 

extended to as late as possible in the research programme (resulting in the 2019 data point).  

 

Chapter 3 builds on these considerations to consider the unique challenge of shoreline 

management on an estuarine barrier sandpit. This study is one of few we are aware of that have 

addressed the conservation of peri-urban sandspits despite these being relatively common 

worldwide. The methodologies employed extend the baseline and transect analyses used in the 

above studies to simultaneously consider both open coast and estuarine shoreline scenarios 

under sea-level rise.  
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We investigated the response of a tidal lagoon system to a unique situation of relative sea-level 

change induced by powerful earthquakes (up to Mw 7.1) on the east coast of New Zealand in 

2010-2011. Spatiotemporal impacts were quantified over five years post-earthquake using 

airborne light detection and ranging (LiDAR) datasets complemented by hydrodynamic 

modelling and evaluation of anthropogenic factors. Ground level changes included examples of 

uplift and extensive areas of subsidence (ca. 0.5 m). Consequences included a reduction of total 

intertidal area and compression of the supratidal zone, both associated with the loss of 

important habitat. Uplift reversed the effects of coastal squeeze caused by previous land 

reclamations in the intertidal zone. Subsidence in other areas resulted in new coastal squeeze 

examples. Quantification of area gains and losses demonstrated the importance of natural 

lagoon expansion into areas of suitable elevation and showed that they may be necessary to 

offset losses from coastal squeeze elsewhere. The combination of intertidal area reductions and 

shallowing suggests tidal prism changes that may alter salinity and drive further habitat shifts. 

These empirical observations highlight the influence of anthropogenic factors on the outcomes 

of rapid sea-level changes and the importance of the disaster recovery process as a context for 

climate change adaptation. 

 

 

Coastal tectonics and tipping points: response of a tidal lagoon to 

co-seismic sea-level change 

Abstract 
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Keywords 

Resilience, risk, impact assessment, coastal squeeze, disaster recovery, climate 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 resources (Kennish 

1986). Their benefits include food, coastal protection, recreational opportunities, water 

filtration and many other ecosystem services (Pendleton 2008; Thrush et al. 2013). Economic 

evaluations have shown their high value to society (Barbier et al. 2011; Costanza et al. 1998), 

underpinned by the popularity of coastal floodplains for human uses and settlement (Lichter et 

al. 2011; McGranahan et al. 2007). Unfortunately, the integrity of estuarine environments has 

also suffered from anthropogenic effects (Kennish 2002). Pervasive issues include hydrological 

and morphological changes associated with nearby land-uses and the cumulative effects of land 

reclamation within the intertidal zone (Duarte et al. 2015; Perkins et al. 2015). These aspects 

illustrate a need for conservation measures that address both local spatial planning and 

catchment-wide land-use trends.  

 

Whilst accommodating dynamic natural environments is already difficult in heavily populated 

areas, climate change introduces a further considerable threat (Martínez et al. 2007). Under 

sea-level rise low-lying landscapes may be eliminated if the landward retreat of erodable 

shorelines becomes constrained by anthropogenic infrastructure such as engineered coastal 

defences (Berry et al. 2013; Chapman 2012; Robins et al. 2016). Specific threats of ócoastal 

squeezeô situations include the erosion of substrate-dependent ecosystems seaward of such 

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; Schleupner 2008). Despite this, built infrastructure is amenable to 

improvement through design (Macreadie et al. 2017) and may include the use of nature-based 

solutions to help overcome societal challenges (Cohen-Shacham et al. 2019; Kabisch et al. 

2016). Such solutions include the concept of ecosystem-based adaptation, defined as   

ñadaptation that integrates ecosystem services and biodiversity into a strategy to limit the 

adverse impacts of climate changeò (Renaud et al. 2016; UNEP 2010). Challenges, however, 

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

natural ecosystems (Bardsley & Sweeney 2010; Füssel 2007).  

 

In this study we investigated a unique situation of sea-level change associated with a tectonic 

displacement event.  A defining feature of this case involved large areas of subsidence with an 

accompanying sea-level rise (ca. 0.5 m) that affected coastal communities and generated long 

term environmental change. The context provided a novel opportunity for the empirical 

assessment of impacts and evaluation of contributing factors in a low-lying socio-ecological 

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

 

The Canterbury Earthquake Sequence (CES), involved a series of strong earthquakes (up to Mw 

7.1) beginning 2010 on the east coast of New Zealandôs South Island. The most serious 

earthquake occurred on 22 February 2011 beneath the city of Christchurch (Fig. 1.1). As one of 

New Zealandôs worst natural disasters, it caused 185 fatalities and damages estimated at 

NZ$40 billion, or approximately 20% of the Gross Domestic Product (Kaiser et al. 2012; 

Potter et al. 2015). Three other earthquakes exceeded MW 6.0, all on previously unrecognised 

fault lines (Beavan et al. 2012; Bradley et al. 2014). Along with catastrophic effects on built 

infrastructure, the CES caused severe impacts on the natural environment. Many of these were 

associated with surface deformation phenomena including liquefaction, lateral spread, 

subsidence and landslides (Quigley et al. 2016; Robinson et al. 2012; Zeldis et al. 2011). Many 

residential areas were affected by increased flood risk associated with subsidence and coastal 

defence breaches, particularly in the east of the city (Hughes et al. 2015). Societal responses 

included central government acquisition of thousands of residential properties along the estuary 

shoreline and lower river corridors, creating a rare opportunity for reconfiguring the 

relationship between people and the aquatic environment (Orchard 2017a).  

 

This study investigates disturbance and resilience aspects of the earthquake-induced change. 

Our particular focus was the identification of long-term effects on the aquatic margins and 

footprint of the Avon Heathcote Estuary Ihutai, a tidal lagoon typical of many worldwide 

(Hume et al. 2007). Complications for gaining a comprehensive picture arise from the lag times 

of responses and the potential for further time-varying effects associated with physical change. 

Initially, the latter were significant due to the high frequency of aftershocks and associated 

further land movements and erosion effects (Beavan et al. 2012; Quigley et al. 2013). To 

1.1.1 Tectonic displacement context 
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address this, we collected data over a considerable period as conditions stabilised. The 

magnitude and frequency of aftershocks have generally declined since 2011, with the exception 

of a 5.7 MW earthquake on 14 February 2016. 

 

In this paper, we provide a comprehensive overview of relative sea-level changes, shoreline 

movements, and impacts on the extent of intertidal areas associated with tectonic displacement. 

We draw conclusions for the management of sea-level rise derived from direct empirical 

analysis, and discuss natural disaster recovery and climate change adaptation (CCA) principles 

that may be identified from this case.  

 

1.2 Methods 

The study area is within the city of Christchurch on the east coast of New Zealandôs South 

Island (Fig. 1.1). The estuarine system includes two river mouth environments (Avon ǽtǕkaro 

and Heathcote ǽpǕwaho) and several smaller tributaries connected to a tidal basin of ca. 8 km
2
. 

The lagoon is a barrier-built system enclosed by a 10 km long beach and sand-spit formation. 

In recent history it has been permanently open to the Pacific Ocean via an entrance channel is 

located in the southern corner of Pegasus Bay, a shallow embayment 54 km long extending 

north from Banks Peninsula (Hicks 1998; Kirk 1979). The estuary supports a wide variety of 

native birds, fish and invertebrate species, and indigenous plant communities including 

seagrass meadows, saltmarsh and other coastal wetland types (Jones & Marsden 2007). It is an 

important site for shorebirds and migratory waders, supporting aggregations of at least 13 

species exceeding the 1% international importance threshold defined by Wetlands International 

(Crossland 2013; Delaney & Scott 2006). We have adopted a bilingual naming for major 

aquatic features because the estuary is of high significance to MǕori for mahinga kai (food 

gathering), and other traditional practices (Jolly & NgǕ Papatipu RȊnanga Working Group 

2013; Tau et al. 1990). However, residential and industrial development has had adverse 

impacts on cultural values, especially those dependant on the maintenance of natural 

ecosystems and traditional resources (Lang et al. 2012; Pauling et al. 2007). A large proportion 

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

associated with a sewage treatment facility on the western shore (Fig. 1.1). 

 

1.2.1 Study area 
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Fig. 1.1 Configuration of the Avon-Heathcote Estuary Ihutai and surrounding area in Christchurch, New 

Zealand, showing the position of key natural features, coastal defences, and earthquake-impacted land that 

was acquired by the New Zealand government after the Canterbury earthquakes of 2010 ï 2011. 

 

Shoreline change was investigated using geographic information system (GIS) analyses of 

digital elevation models (DEM) derived from LiDAR datasets. Four datasets were available 

with complete coverage of the study area. These include a pre-quake (2003) dataset and others 

captured after key events in the CES (Table 1.1a). Bare earth DEMs representing averaged 

ground-return elevations were included in the LiDAR products at 1 x 1 m resolution for the 

2015 survey, and 5 x 5 m resolution for all others (Canterbury Geotechnical Database 2014; 

LINZ 2017). Identical DEM configurations were developed by reprocessing the 2015 DEM to 

5 m resolution. Elevation errors have at least three components that include locality-dependent 

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 elevations captured in the source data. Table 1.1 shows the 

estimated horizontal and vertical accuracy for each dataset excluding GPS network error and 

approximations within the New Zealand Quasigeoid 2009 reference surface which have a 

vertical accuracy of ±0.06 m (Canterbury Geotechnical Database 2014).  

1.2.2 LiDAR data and digital elevation models 

Travis wetland 
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To investigate inundation patterns in the lower intertidal zone we used DEMs developed from 

echosounder surveys covering areas of the estuary and river channels that were submerged 

during the LiDAR surveys and therefore not captured. Although only two such DEMs were 

available due to the limited collection of bathymetric data over the CES, they are representative 

of pre- and post-earthquake conditions. Each DEM was generated using triangular irregular 

network (TIN) interpolation constrained with manually digitised break-lines following the 

main estuary channels to preserve channel connectivity and minimise interpolation artefacts 

(Measures & Bind 2013). Data sources are provided in Supplementary Material (Table S1.1).  

 

Shoreline sampling transects were developed using the AMBUR package (ñAnalyzing Moving 

Boundaries Using Rò) for detecting movement and trend changes relative to a baseline position 

(Jackson et al. 2012). A baseline was developed from the Land Information New Zealand 

(LINZ) 1:50,000 coastline polyline and smoothing to improve fit with 0.075 m aerial imagery 

(LINZ 2016). A set of perpendicular transects (n=1428) were cast at 10 m spacing from a start 

point at the southern estuary entrance (Lat. 43° 56' S, Long. 172° 75' E). Transect lengths were 

adjusted to cover all areas of potential tidal inundation (Fig. 1.2a). At river mouths, the 

sampling area was confined to the confluence with the main tidal lagoon basin. This breakpoint 

approximates the Coastal Marine Area boundary, an important jurisdictional division within 

environmental legislation (Orchard 2011). Ground-level changes were assessed by point 

sampling of the DEMs at 1 m spacing on the sampling transects followed by differencing. 

Spatial variation was investigated by grouping transects within five contiguous zones 

(Southshore, South Brighton, Bromley, Ferrymead and Redcliffs), reflecting changes in 

shoreline aspect and proximity to river mouths (Fig. 1.2a).  

 

Shoreline position changes were calculated for two tidal heights of particular interest: Highest 

Astronomical Tide (HAT) and Mean High Water Springs (MHWS). These were delineated as 

orthographic heights (Table 1.1) obtained from the average predicted values over a full 18.6 

year tidal cycle (2000-2018) at Port Lyttelton (LINZ 2018a). For MHWS the yearly variation is 

0.1ï 0.15 metres using current predictions (1 July 2018 ï 30 June 2019). The current MHWS 

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. 

Shoreline position changes were quantified by extraction of the MHWS and HAT heights from 

1.2.3 Shoreline change 
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each DEM followed by contour and intersection analysis on the sampling transects. Changes 

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

 

Supratidal area changes were assessed for the four DEMs using the elevation band bounded by 

MHWS and 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 assumed full connectivity between adjacent hydrological basins, regardless 

of engineered modifications such as tidal gates and seawalls. Due to extensive earthquake 

damage to such infrastructure, this assumption approximates the actual post-disaster context 

and provides an assessment of potential inundation through connectivity improvements.  

 

For mid-lower intertidal ranges where water surface slope and hydrological connectivity can 

strongly influence the inundation regime, we used a calibrated Delft3D hydrodynamic model 

based on the bathymetric DEMs (Measures & Bind 2013). The model extends 15 km into the 

open ocean and has a curvilinear grid with horizontal resolution of ca. 20 m within the rivers 

and estuary basin (Fig. 1.2). Each grid cell is split into five vertical layers, with layer thickness 

proportional to water depth. Pre- and post-earthquake versions are identical apart from the 

DEM used to assign the bed level within each cell (Measures & Bind 2013). Month long 

simulations were computed using the pre- and post-earthquake models to quantify changes in 

inundation. Both simulations modelled identical astronomic tidal conditions and median river 

flows (Avon ǽtǕkaro = 1.65 m
3
/s, Heathcote ǽpǕwaho = 0.77 m

3
/s). It is important to note that 

the model extent does not include all of the floodable intertidal areas in the estuary catchment. 

This results in an underestimation of potential inundation in the upper intertidal range, 

particularly above MHWS. The static DEM analyses are therefore more reliable for the 

investigation of changes at these higher elevations.  

 

Raster analysis was used to quantify spatiotemporal changes in the elevation bands of interest 

with differencing between rasters to quantify ground level changes over time. Summary 

statistics were calculated for shoreline position changes on the sampling transects. Differences 

were identified using Kruskal-Wallis rank sum tests for independent variables of time and 

locality followed by post hoc pairwise tests where there was a significant movement relative to 

1.2.4 Tidal inundation  

1.2.5 Data analyses 
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the pre-earthquake (2003) baseline. Hydrodynamic modelling outputs were post-processed to 

calculate the bed area inundated for different proportions of time under pre- and post-

earthquake conditions, and summarised for the five main basin localities and additional 

upstream portions of the two major river catchments (Fig. 1.2a). Geospatial analyses were 

conducted in NZTM 2000: ESPG 2193 projection using QGIS v 2.18 (QGIS Development 

Team 2017). Statistical analyses were conducted in R v3.3.3 (R Core Team 2017). Model post-

processing was conducted in MATLAB using functions from the OpenEarthTools repository 

(https://publicwiki.deltares.nl/display/OET/Tools). 

 

Table 1.1 Data sources. 

(a) LiDAR datasets and specifications. 

Timing in 

earthquake 

sequence 

Major earthquake 

events in period
Ϟ
 

LiDAR acquisition 

dates 
Supplier Commissioning agencies 

Accuracy  

specification 

(m) 

vertical horizontal 

Pre-earthquake n/a 6-9 Jul 2003 AAM Brisbane 
 

Christchurch City Council 
±0.15 ±0.55 

Post- 

February 2011  

Darfield 7.1 Mw 

Christchurch 6.4 Mw  
20-30 May 2011 AAM Brisbane Christchurch City Council ±0.07 ±0.55 

Post- 

June 2011 
Christchurch 6.2 Mw  2-3 Sep 2011 

New Zealand Aerial 

Mapping 
Earthquake Commission ±0.07 ±0.55 

Post- 

December 2011  
Christchurch 6.1 Mw 5 Oct-7 Nov 2015 AAM Brisbane Canterbury Regional Council ±0.20 ±1.00 

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

 

(b) Comparison of tidal and benchmark heights at the Standard Port of Lyttelton (Lat. 43° 36´S., Long. 172° 

43´E) against chart datum and two vertical datums in current use. LVD37 = Lyttelton Vertical Datum 1937, 

NZVD = New Zealand Vertical Datum 2016. 

Tidal level or feature IŜƛƎƘǘ ŀōƻǾŜ /ƘŀǊǘ 5ŀǘǳƳϞ όƳύ 
    Orthographic heights (m) 

LVD37 NZVD2016 

HAT 2.72 1.479 1.072 

MHWS 2.49 1.249 0.842 

B40V geodetic reference mark 4.478 3.237 2.83 

Ϟ
 LINZ (2018a, 2018b).  
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Fig. 1.2 Sampling design. (A) configuration of sampling transects for shoreline change analysis and 

estuarine localities used for spatial comparisons including boundaries of hydrodynamic modelling units. (B) 

Hydrodynamic model extent and example of model cell fit in relation to the estuary shoreline. 
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1.3 Results 

Relative to pre-quake (2003) conditions, results from individual sampling points (n = 475,000) 

showed more uplift than subsidence and marked differences between localities (Fig. 1.3). 

Subsidence occurred in the South Brighton area near the Avon ǽtǕkaro river mouth throughout 

2011, though this had reduced by 2015. Here, and in other areas, the results also illustrated the 

ongoing nature of change in relation to key time periods in the CES, highlighting the difficulty 

of drawing conclusions from singular before-after comparisons. Large variations in the 

measured changes were seen in some areas, particularly in Redcliffs which is located at the 

foot of prominent hill-slopes (Fig. 1.3). This reflects the elevation signature of horizontal 

displacements on sloping ground that cannot be separated from the assessment of vertical 

movement at point coordinates. However, these effects are unlikely to affect shoreline change 

analyses due to the relatively flat topography of intertidal areas. 

 

 

 

Fig. 1.3 Mean ground surface elevation changes relative to 2003 in the Avon Heathcote Estuary Ihutai for 

five contiguous localities on the shoreline of the tidal lagoon basin. Error bars represent one standard 

deviation. These results were obtained by differencing of individual sampling points (n = 475,000) located 

on shore-perpendicular transect lines around the estuary perimeter.  
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1.3.1 Ground level changes 
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Large movements were detected in the position of post-quake versus pre-quake shorelines. 

Changes of over 500 m seaward were recorded for MHWS and HAT on individual transects. 

Landward shifts were also recorded to a maximum of 269 m for MHWS and 182 m for HAT 

(Fig. 1.4a). Shoreline change was significantly different between localities for both MHWS 

(Kruskal-Wallis ɢ
2
 = 107.86, df = 2, p <2.2e-16) and HAT (Kruskal-Wallis ɢ

2
 = 88.67, df = 2, p 

<2.2e-16), with several pronounced trends being evident. At Ferrymead, large seaward shifts 

were recorded for MHWS and HAT (Fig. 1.4a), with the majority of movement having 

occurred by May 2011 as reflected by mean shifts of 161 m (HAT) and 154 m (MHWS) 

relative to 2003. At Southshore and Redcliffs the post-quake positions were consistently 

seaward of the 2003 shoreline but the movement was less than at Ferrymead (10 ï 50 m). 

South 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 change was recorded on most 

transects due to the influence of shoreline armouring which is extensive in this area (Fig. 1.4a).  

 

Mean shoreline change for the estuary as a whole was in a seaward direction for both MHWS 

and HAT shorelines. At all three post-quake time points, seaward movement in the HAT line 

was greater than for MHWS (Fig. 1.5). 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 comparisons for MHWS also showed that the end-point 

position (October 2015) was significantly different from the May 2011 position (p < 0.001). 

HAT changes conformed to a similar pattern, although statistical analysis showed no 

significant difference (p = 0.81) due to greater variation on individual transect lines (Fig. 1.5). 

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 February 2011 earthquake. 

The same general trend can be seen in temporal pattern at most of the individual locations (Fig. 

1.4b). However, these effects were not always directly proportional to the ground level changes 

shown in Fig. 1.3. For example, mean ground levels in 2015 at Southshore 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. 

 

1.3.2 Shoreline movement 
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Fig. 1.4 Pattern of movement of two shorelines (HAT and MHWS) during the Canterbury Earthquake 

Sequence (CES) at the Avon Heathcote Estuary Ihutai. (A) Box plots showing the total range of shoreline 

changes recorded at three post-quake time points for five estuarine localities relative to the July 2003 (pre-

quake) position. Boxes show the median and interquartile range. (B) Mean 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.  

 

 

Fig. 1.5 Mean shoreline position change since 2003 for the 

Avon Heathcote Estuary Ihutai as a whole, as recorded at 

each of three points in time during the Canterbury 

Earthquake Sequence. Error bars are one standard error of 

the mean. HAT = Highest Astronomical Tide. MHWS = 

Mean High Water Springs. 
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Based on the most recent time point (2015), the total estuarine area below HAT has reduced by 

54.7 ha, and 33.4 ha for MHWS (Table 1.2). 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 localities, changes in the Avon area make a disproportionate 

contribution to the net overall impact (Fig. 1.6). 

 

Impacts of the major February 2011 earthquake included reductions in the area below the 

elevation of both HAT and MHWS in Ferrymead and Heathcote, consistent with the 

dominance of uplift effects towards the southwest (Fig. 1.6). At the same time there were 

increases in the Avon area, consistent with subsidence effects further north. System-wide 

impacts are explained by a combination of tilting and a dominance of uplift in overall ground 

surface displacements, leading to reductions of 44.5 ha in the area below HAT, and 22.6 ha for 

MHWS (Table 1.3). In the next time period (May ï September 2011), large increases were 

observed in the Avon ǽtǕkaro area (144.5 ha below HAT, 117.6 ha for MHWS), and small 

increases elsewhere, consistent with widespread subsidence. Relative to pre-quake (2003), the 

intertidal area was 139 ha larger and included a modest increase (16.9 ha) in the supratidal 

zone. However, this estuarine expansion was relatively short-lived due to a dramatic reversal in 

the Avon area in the next time period (to 2015). The overall results are illustrative of complex 

spatiotemporal patterns that are important to resolve in determining longer term trends (Fig. 

1.6). The most recent measurements showed the estuarine area was similar to May 2011 and 

smaller than in 2003 (Table 1.2). See Supplementary Material Fig. S1.1 for a map of baseline 

(2003) and endpoint (2015) conditions. 

 

Table 1.2 Summary of key changes in the areal extent of the Avon Heathcote Estuary Ihutai over the period 

2003 ï 2015. The three later dates mark important time periods in the Canterbury Earthquake Sequence 

whilst the 2003 baseline is representative of pre-earthquake conditions. HAT = Highest Astronomical Tide. 

MHWS = Mean High Water Springs. 

Estuarine areas 
Areal extent (ha)Ϟ 

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 by HAT 

and MHWS 
158.2 136.3 175.2 136.9 

Ϟ
 calculations assume full hydrological connectivity between adjacent basins within the elevation range of interest. 

 

1.3.3 Intertidal area changes 
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Fig. 1.6 Changes in the 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 Ihutai 

catchment over 2003 ï 2015. 

 

Hydrodynamic modelling showed that subtidal area losses contributed additional intertidal area 

due to shallowing of the main estuary basin (Fig. 1.7). The biggest changes occurred in the 

uplifted southern parts of the estuary: Heathcote, Ferrymead, Redcliffs, and the southern parts 

of Bromley and Southshore (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 the subtidal area. Areas which were already 

intertidal are now exposed for a longer duration on each tidal cycle. However, 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 only small areas that were 

shallowly submerged at high tide in the pre-earthquake state. This is particularly evident for 

areas inundated for less than 30% of the time (Fig. 1.7) and is indicative of upper intertidal 

reclamations having already occupied those areas. The combination of both shallowing and an 

overall decrease in intertidal area at high tide suggests a reduced tidal prism with the potential 

to drive further habitat shifts through salinity effects. 

 

At Bromley, uplift was insufficient to move either HAT or MHWS shorelines. This shows that 

the ócoastal squeezeô impacts of seawalls had extended well into the intertidal range and 

exceeded the tipping point for persistence of a high tide beach, even with the benefit of uplift. 

Similar results indicative of pre-earthquake degradation were also evident in Southshore and 

Ferrymead where pre-quake upper intertidal zones were much smaller than lower intertidal 

zones, but expanded markedly following uplift (Fig. 1.7). The CES both illuminated and 

reversed the pre-quake situation where land-uses were occupying areas that would otherwise be 

regularly inundated on moderate-sized tides. Moreover, these results demonstrate that the post-

quake state remains vulnerable to sea-level rise impacts due to the current position of seawalls. 
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In areas that subsided (Avon and South Brighton), the hydrodynamic modelling is less reliable 

as an indicator of upper intertidal change due to limitations of model domain which excluded 

land outside of the estuary that is now subject to tidal inundation. However, these areas were 

captured within other assessments using the static DEMs.  

 

 

Fig. 1.7 Hydrodynamic model results for pre- and post-earthquake bed topographies representative of the 

Canterbury Earthquake Sequence and showing changes in the intertidal area inundated over a typical 

monthly tidal cycle. Both simulations used identical astronomic tidal conditions and median river flows 

(Avon ǽtǕkaro = 1.65 m
3
/s, Heathcote ǽpǕwaho = 0.77 m

3
/s). 
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Appreciable subsidence occurred only in the Avon ǽtǕkaro catchment and adjacent South 

Brighton portion of the main lagoon basin. However, these areas provide an excellent 

opportunity to assess the actual effects of higher sea levels on a pre-disturbance landscape. At 

South Brighton, the measured sea-level rise was greatest in September 2011 with subsidence of 

27 cm on the sampling transects compared to 2003 (Table 1.3). Despite this, shoreline change 

analysis showed only small landward movements in the position of HAT and MHWS (means 

of 2.2 m and 4.1 m respectively). The increase in area below HAT (2.1 ha) was much less than 

for MHWS (3.4 ha), leading to a 1.3 ha (58%) reduction in the land available between HAT 

and MHWS. The 2015 results showed a general reversal of these effects consistent with the 

raising of  ground levels. Relative to 2003, the end result was an intertidal area loss of 1.3 ha, 

and a 0.3 ha compression of the supratidal zone (Table 1.3). 

 

Table 1.3 Effects of higher sea levels on mean estuarine shoreline position and intertidal area at South 

Brighton for three time points during the Canterbury Earthquake Sequence relative to pre-quake (2003) 

conditions. HAT = Highest Astronomical Tide. MHWS = Mean High Water Springs. 

Key changes since 2003
Ϟ
 

Assessment dates 

May 2011 Sep 2011 Oct 2015 

Mean ground level elevation (m) -0.09 -0.27 -0.16 

Shoreline retreat (landward movement) (m) 
      HAT 
      MHWS 

 
2.0 
1.8 

 
2.2 
4.0 

 
-14.2 
-7.5 

Areal extent of intertidal areas
Ϟ
 (ha) 

      area below HAT 
      area below MHWS 
      supratidal area between HAT and MHWS 

 
0.9 
1.7 
-0.8 

 
2.1 
3.4 
-1.3 

 
1.3 
1.6 
-0.3 

 

Ϟ 
calculations assume full hydrological connectivity between adjacent basins within the elevation range of interest. 

 

Figure 1.8 illustrates the mechanisms of change in supratidal zones as observed in South 

Brighton and the lower Avon ǽtǕkaro catchment under conditions of reltive sea-level rise. This 

area has extensive anthropogenic shoreline modifications. In the Bexley wetlands (arrowed) 

impacts included a large loss of supratidal area (Fig. 1.8a, b). Contributing factors included the 

raising of nearby ground levels to facilitate a housing development that had the effect of 

truncating landward movement of the supratidal zone under conditions of sea-level rise. On the 

opposite (eastern) shoreline, land-fills are not prominent in the development pattern despite the 

close proximity of residential property to the estuary. Some of these properties are now 

exposed to inundation at water heights of HAT (and less). However, these areas were not 

subject to the government land acquisition. As a result, these areas are less likely to be 

candidates for managed retreat strategies that could include the creation of future estuarine 

1.3.4 Impacts of sea-level rise 
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space despite that ground levels are much more favourable than in areas that were modified by 

land-fill  (Fig. 1.1). On this eastern shoreline, the 2015 bounce-back effect (Table 1.3) is also 

notable as illustrated by the expansion of supratidal areas seaward of the shoreline armouring 

line (Fig. 1.8c, d). As yet, however, these changes are insufficent to restore the major losses 

inccurred earlier in the CES. 

 

 

Fig. 1.8 Changes in the areal extent of the supratidal zone modelled as the elevation band between Highest 

Astronomical Tide and Mean High Water Springs over the period 2003 ï 2015. The area shown is the lower 

Avon ǽtǕkaro catchment and northern portion of the main tidal lagoon basin of the Avon Heathcote Estuary 

Ihutai which experienced ground level subsidence during the Canterbury Earthquake Sequence. 
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1.4 Discussion 

These findings describe the landscape-scale reconfiguration of an extensive coastal landscape. 

Quantification of changes in the overall intertidal area showed that the losses and gains had 

almost balanced out at the most recent assessment date. Therefore, the overall impact of the 

CES has primarily been movement of the lagoon system in a north-easterly direction as the 

consequence of a tilting effect along a broadly north-south axis. Here we discuss the key 

patterns of change with emphasis on the contribution of anthropogenic influences and site 

specific effects. We then focus on the areas experiencing subsidence to identify transferable 

learning for other situations of relative sea-level rise.  

 

Impacts identified in 2015 included seaward movement of HAT and MHWS shorelines and an 

overall 4.6% reduction in estuary space. Differential movement of HAT and MHWS shorelines 

resulted in compression of the supratidal zone (a 14% reduction). Area losses were highly 

variable between sites but often driven by the position of shoreline armouring in relation to the 

post-disturbance intertidal range. Specific attention to the availability of space within critical 

elevations bands is therefore a key principle for the design of natural solutions to flood defence 

and mitigation. For example, our results indicate negative impacts on the availability of high 

tide roosting habitat for shorebirds, an already well-established conservation concern in New 

Zealand (Woodley 2012), and elsewhere (Green et al. 2015; Zharikov & Milton 2009). Another 

important site-specific effect was the role of estuarine expansion driven by subsidence in the 

Avon ǽtǕkaro catchment for offsetting estuarine contraction driven by uplift elsewhere. 

 

These effects present a compelling case for assisting the migration of important ecosystems to 

areas where they would be expected to move if unhindered by anthropogenic barriers, and the 

same principles are applicable to CCA (Hällfors et al. 2014). Conservation and natural resource 

objectives will  be more readily achieved if these movements can be facilitated in upcoming 

decisions on land-use change, illustrating a key role for disaster recovery planning in this 

process. The government acquisition of riparian and floodplain land greatly facilitates such 

possibilities, and includes the potential for rewilding in formerly urbanised areas. In this case, 

the decision context demonstrates a clear linkage between the implementation of disaster 

recovery and the potential for making progress towards CCA due to similarities in the threat 

profile with regards to sea-level rise. Although the time-varying effects of eustatic sea-level 

1.4.1 Patterns of change  
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rise indicate that a range of non-climatic factors will ameliorate the associated patterns of sea-

level change (Nicholls et al. 2008), the earthquake-induced analogy provides an empirical 

scenario that exemplifies plausible outcomes. To build resilience against the negative aspects 

of such outcomes, key decisions involve spatial planning for anthropogenic infrastructure and 

attention to the temporal progression of changes and associated vulnerabilities.  

 

There was a substantial amount of ongoing change in the estuary and environs over the post-

quake study period. Intertidal area changes were not always proportional to elevation changes 

with major fluctuations observed due to relatively flat topography (e.g., in the Avon ǽtǕkaro 

catchment) in the critical elevation band. These aspects suggest the need for further and 

relatively fine-scale monitoring to quantify ongoing spatiotemporal change, as needed to assess 

vulnerability to hydrological alterations and the role of future accretion as a potential 

modulator of sea-level 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 and unpredictably influence sea levels and 

associated patterns of inundation and erosion. 

 

Limitations of the present study include the lack of matched bathymetric and topographic 

datasets covering the full intertidal range. We recommend greater emphasis on the capture of 

seamless DEMs to help quantify the dynamics of inundation and accretion processes and 

support the implementation of adaptive management. Incremental changes can be just as 

important as extreme events and both involve interactions between many different socio-

ecological dimensions at various rates and times (Gunderson & Holling 2001). As shown here, 

the natural topography, pre-existing land-use pattern, and human responses to disturbance 

events are all vitally important influences on the actual trajectory of change.  

 

At locations experiencing subsidence, seawalls constrained shoreline movement exemplifying 

the problem of coastal squeeze under conditions of sea-level rise and illustrating its actual 

impacts on natural environments. The affected areas also provide opportunities to identify 

resilience-building principles by considering the space now available in the intertidal elevation 

range. At Bexley, the infilling of land for a housing development limits the opportunities for 

1.4.2 Quantification of ongoing change 

1.4.3 Responses to sea-level rise 
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habitat migration despite being within the area of government acquired land (Fig. 1.1). Unless 

major earthworks are undertaken, strategies for conserving intertidal areas must be 

implemented elsewhere. On the opposite shoreline, the landward migration of natural 

ecosystems could be assisted using relatively simple breaches of existing shoreline defences 

based on our modelled results. However, residential properties remain present in these areas 

since they were not included in the government land acquisition initiative.  These examples 

illustrate how past and recent land-use decisions have each contributed to resiliency. 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 of tipping points being 

reached if system resiliency is to be maintained (Folke 2006; Gunderson et al. 2010). Key 

principles identifiable from this case include the legacy effect of land-filling activities which 

dramatically alter the órewildabilityô of the underlying landscape as conditions change, and the 

need to consider both built and natural environments in the design of adaptation initiatives such 

as managed retreat. 

 

There are widely transferable principles of importance in this study and close analogies with 

the seminal work of Turner (1978) on the man-made aspects of natural disasters. In this 

paradigm, risk reduction decisions are highlighted as key influences on outcomes. These are 

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 prevent the reaching of 

tipping points that result in the loss of natural features and resources. To achieve this, we 

highlight the influence of anthropogenic factors on the impacts of rapid sea-level changes, and 

the importance of disaster recovery processes as a context for adaptation to climate change. 
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Table S1.1 Bathymetry data sources. 

Timing in 

earthquake 

sequence 

Survey date Survey extent Organisation  

P
re

-e
a

rt
h

q
u

a
ke

 мффлΩǎ ŀƴŘ ŜŀǊƭƛŜǊ 
Cross-section survey of the lower 

Heathcote River 
Christchurch City Council 

November 1998 & 

April 1999 

Bed level survey of the estuary and 

nearshore region between North Brighton 

and Sumner. 

Eliot Sinclair 

2008 
Cross-section survey of the lower Avon 

River 
Christchurch City Council 

P
o
s
t-e

a
rt

h
q
u

a
ke

 

March/April 2011 
Echosounder survey of the estuary 

including the river mouths 
Patterson Pitts Partners 

Late 2011 
Cross-section survey of the lower 

Heathcote River 
Christchurch City Council 

2012 
Cross-section survey of the lower Avon 

River 
Christchurch City Council 

June 2012 

Topographic survey of the McCormacks 

Bay causeway (Redcliffs) and adjacent 

estuary 

Stronger Christchurch Infrastructure 

Rebuild Team 

January 2013 
Echosounder survey of the southern part 

of the estuary including the mouth. 

National Institute of Water and 

Atmospheric Research 
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Fig. S1.1. Changes in the areal extent of land below the elevation of Mean High Water Springs (MHWS) 

and Highest Astronomical Tide (HAT) in the Avon Heathcote Estuary / Ihutai between 2003 and 2015. 
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Vegetated coastal ecosystems (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 

persistence is a function of the tolerance limits of characteristic vegetation and the nature of 

environmental change. Alterations of relative sea-level (RSL) are pervasive drivers of 

ecohydrological dynamics that reflect the interaction between tidal inundation regimes and 

ground surface elevation. Although many studies have investigated sediment accretion within 

VCEs, relatively few have addressed spatiotemporal patterns of resilience in response to RSL 

change despite their relevance to the conservation of habitat and stored carbon. In this study, 

we used high resolution elevation models to quantify RSL changes in a New Zealand tidal 

lagoon system following tectonic displacement caused by powerful earthquakes. Concurrently, 

we quantified socio-ecological aspects of the disaster response. VCE losses were recorded in 

all areas in response to high rates of RSL rise (up to 41 mm yr 
-1

) over an 8 year period post-

disturbance. Interactions with anthropogenic factors influenced observed losses and illustrated 

transferable principles for the management of other VCEs facing RSL rise. Four key principles 

emerged: i) anthropogenic encroachment results in resilience loss due to the need for landward 

migration when changes exceed the tolerance thresholds of VCEs at their lower elevational 

limits; ii) connectivity losses exacerbate encroachment effects, and conversely, are a practical 

focus for improving resilience; iii ) risk exposure is disproportionately influenced by the largest 

wetland remnants illustrating the importance of site-specific vulnerabilities and their 

assessment;  iv) the need to establish new protected areas to accommodate the movement of 

Risk factors for coastal habitat and blue carbon loss revealed by  

earthquake-induced sea-level rise 

Abstract 
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ecosystems is an essential aspect of resilience and requires a combination of land tenure 

rearrangements and connectivity conservation measures. Embracing these concepts offers 

promise for new resilience-based solutions to halt riparian degradation, improve disaster 

recovery outcomes and respond to climate change.  

 

Keywords 

Ecohydrology, natural disasters, resilience, protected areas, connectivity conservation, socio-

ecological system. 

 

2.1 Introduction  

Specialist coastal vegetation types include macroalgal forests, seagrass meadows, saltmarshes 

and mangroves. These vegetated coastal ecosystems (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 fisheries (Gedan et al. 2011; 

McGlathery et al. 2007; Nicholls 2004). From an ecosystem services perspective VCEs have 

been assessed as among the most valuable of ecosystems worldwide (Barbier et al. 2011; 

Costanza et al. 1998). They are vulnerable to human impacts resulting in loss and degradation 

(Brisson et al. 2014; Coverdale et al. 2014; Duke et al. 2007), from stressors including land-use 

change, coastal reclamation, and nutrient pollution (Adam 2002; Orth et al. 2006; Pendleton et 

al. 2012). Global losses in the past 50 years range from 25-50% for key ecosystem types 

(Duarte et al. 2013), indicating an urgent need for conservation (Lotze et al. 2006). 

 

Climate change presents additional challenges from effects on water depths, salinity, and range 

shifts along climatic gradients (Chmura 2013; Crosby et al. 2016; Krause-Jensen & Duarte 

2014). Although VCEs are sensitive to these changes, they also play an important role in global 

efforts to reduce atmospheric CO2 concentrations (Chmura et al. 2003; McLeod et al. 2011). In 

particular, the sequestration of 'blue carbon' by VCEs has generated renewed interest in their 

restoration and management (Chmura 2013; Howard et al. 2017). Important attributes include 

high primary production rates combined with the physical trapping and binding of particulate 

material from both autochthonous and allochthonous sources (Saintilan et al. 2013; Woodroffe 

et al. 2016), and the influence of saline conditions on microbial activity that promotes organic 

matter preservation within near-surface sediments (Fourqurean et al. 2012; Koho et al. 2013). 
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These properties result in carbon accumulation rates that are typically much higher than in 

terrestrial forests (Donato et al. 2011; McLeod et al. 2011; Pendleton et al. 2012). 

 

In addition to their future roles in carbon sequestration, VCEs that have been stable over recent 

geological time are conservation priorities due to their accumulated carbon value (Irving et al. 

2011; Iacono et al. 2008; Mateo t al. 1997). For comparison, global accumulation rates for 

below-ground carbon in terrestrial forests are in the order of 4 - 5 g m
ī2

 year
ī1

, whereas rates of 

between 138 g m
ī2

 year
ī1

 (seagrass) and 244 g m
ī2

 year
ī1

  (saltmarsh) have been reported for 

VCEs (Ouyang & Lee 2014). There is a considerable risk of new emissions from these long-

term carbon sinks if these habitats are degraded (Pendleton et al. 2012). Even small changes in 

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

sinks to new emission sources (Coverdale et al. 2014; Macreadie et al. 2013).  

 

There is a high level of uncertainty regarding the fate of VCEs under climate change (Osland et 

al. 2016; Schuerch et al. 2018). While some studies report a bleak outlook (Blankespoor et al. 

2014; Craft et al. 2009; Crosby et al. 2016), others point to feedbacks that may assist VCEs to 

self-maintain under changing conditions (Anisfeld et al. 2017; Kirwan & Megonigal 2013; 

Kirwan et al. 2016). It is becoming increasingly important to understand the mechanisms that 

promote VCE resilience, and conversely, the risks to their survival (Macreadie et al. 2019; 

Schuerch et al. 2018). Rising sea levels create the potential for VCE expansion and further 

carbon accumulation through landward migration and upward vertical accretion (Chmura et al. 

2003; Kirwan & Mudd 2012; Kirwan et al. 2016). The self-engineering aspects of in situ 

accretion have undoubtedly contributed to past resilience in periods of RSL rise (McKee et al. 

2007; McLeod et al. 2011). At the same time, however, losses may be expected where 

vegetation communities are overwhelmed by changes and are unable to survive or migrate 

inland (Duarte et al. 2013; Morris et al. 2002). This has led many authors to link climate 

change with threats to VCE persistence and the potential loss of accumulated carbon (Chmura 

2013; Craft et al. 2009; Crosby et al. 2016).  

 

There is a particular need to improve the understanding of how different VCEs respond to RSL 

changes and the range of potential responses (McKee & Vervaeke 2018). However, the lack of 

empirical data to demonstrate such relationships is a significant impediment to answering these 

questions (Voss et al. 2013). This is compounded by high levels of spatiotemporal variability 

that reduces the ability to generalise from historical patterns and small sample sizes (Cahoon 
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2015). Although historical changes studies such as those based on sediment sampling are 

useful indicators of vertical accretion rates (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 addressing the 

prospects for VCE conservation it is clear that both horizontal and vertical dynamics are 

important (DeLaune & White 2012; Kirwan & Megonigal 2013; Schuerch et al. 2018). These 

aspects interact with the high level of anthropogenic modification typical of coastal zones 

worldwide creating new interactions and complexities (Anisfeld et al. 2017; Doody 2004; Phan 

et al. 2015; Spencer et al. 2016). 

 

In investigating the potential impacts of accelerating eustatic sea-level rise (Church et al. 2013) 

the study of contemporary subsidence events can be particularly informative (Cahoon 2015). 

These include shallow subsidence resulting from surface elevation loss caused by 

autocompaction, organic matter decomposition, groundwater or hydrocarbon extraction 

(Cahoon et al. 1995; Rybczyk & Cahoon 2002), and deep subsidence referring to tectonic 

displacements and isostatic adjustments of land masses in relation to sea level (Woodroffe et 

al. 2016). Examples of appreciable RSL rise that have been the subject of empirical studies 

include deep subsidence caused by a mine collapse (Rogers et al. 2019) and earthquake-

induced subsidence in the Solomon Islands (Albert 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 occurred in deltaic wetlands (Day 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 surface elevation changes and VCE 

responses (Cahoon 2015; Rybczyk & Cahoon 2002). 

 

In this study, we assessed the impacts of powerful earthquakes in the Canterbury region of 

New Zealand that caused ground level displacements exceeding 0.5 m in the coastal aquatic 

environment (Quigley 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 anthropogenic influences. 

The objectives for this paper are to: a) provide an overview of the impacts on intertidal and 

supratidal VCEs in the Avon Heathcote Estuary Ihutai, b) identify relationships between 

vegetation change and RSL changes associated with ground level displacement, and c) identify 
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anthropogenic risk factors for future VCE management with emphasis on the impacts of RSL 

rise in areas of subsidence.  

 

2.2 Methods 

2.2.1 Study site and survey design 

The city of Christchurch on the east coast of the South Island was severely impacted by a 

sequence of large earthquakes in 2010-11 (Fig. 2.1). Four earthquakes exceeding MW 6.0 were 

responsible for massive infrastructure damage (estimated at NZ$40 billion) and the loss of 185 

lives (Beavan et al. 2012; Bradley et al. 2014; Potter et al. 2015). Complex decisions on 

property damage, infrastructure repair, and future hazard risk have required a prolonged period 

of disaster recovery. Lasting changes in the natural environment have interacted with the 

recovery process and created additional considerations. Widespread surface deformation 

changed the post-disaster landscape affecting many aspects of the socio-ecological system. 

Vertical displacements occurred in both directions resulting in new ground levels and 

hydrology. Smaller-scale effects included lateral spread, liquefaction, bank collapses and 

landslides (Quigley et al. 2016; Robinson et al. 2012; Zeldis et al. 2011). Ground-level 

subsidence on lowland floodplains increased flood risk hazard in many residential areas 

(Hughes et al. 2015). Societal responses have featured policy innovations, including the 

government acquisition of thousands of residential properties on low-lying land in the vicinity 

of the estuary and waterways (Fig. 2.2). As the recovery process has matured, attention is 

turning to the long-term uses of this land alongside strategic planning for climate change 

(Orchard 2017a; Regenerate Christchurch 2017). 
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Fig. 2.1 Study area overview. (a) Location on the east coast of New Zealandôs South Island, showing 

configuration of the main Alpine Fault-line and Australian ï Pacific plate boundary. Source data: Waikato 

Regional Council. (b) Configuration of the Avon Heathcote Estuary Ihutai in the city of Christchurch. Inset 

shows ground elevations in the tidal lagoon and lower river floodplains as measured in October 2015. Datum 

is LVD37. Source data: Christchurch City Council.  
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Despite being partially urbanised, the underlying natural environment is characterised by an 

extensive tidal lagoon and network of lowland waterways. The Avon Heathcote Estuary Ihutai 

is a tidal basin of ca. 8 km
2
 characterised by fine sediments and connected to the Pacific Ocean 

via a single entrance channel in the southern corner of a shallow embayment (Hicks 1998; Kirk 

1979). Tides are semi-diurnal with a spring range of 2.22 m using average predicted values 

over the 18.6 year tidal cycle at nearby Port Lyttelton (Land Information New Zealand 2019).  

The background rate of sea-level rise is in the order of 1.9 mm yr
-1

 over the past century 

(Hannah & Bell 2012).  

 

Coastal wetland vegetation types of the estuary were described by Jones & Marsden (2007) 

within three tidal zones as are typical of other temperate marsh systems (Engels et al. 2011; 

Odum 1988). Characteristic species include sea rush (Juncus kraussii) and oioi (Apodasmia 

similis) in the low marsh; saltmarsh herbfield species such as glasswort (Sarcocornia 

quinqueflora), buckôs horn plantain (Plantago coronopus), remuremu (Selliera radicans) and 

suaeda (Suaeda novae-zelandiae) in the mid marsh; and saltmarsh ribbonwood (Plagianthus 

divaricatus) shrubland and introduced grasses in the high marsh (Jones & Marsden 2005). 

Previous studies have reported relatively stable vegetation patterns in the South Brighton area 

that is characterised by extensive rushland (Jupp et al. 2007). In contrast, several saltmarsh 

sites previously recorded by McCombs & Partridge (1992) had disappeared in the Ferrymead 

area due to estuary in-filling effects attributed to fluvial sediment sources (Jupp et al. 2007). 

 

Coastal wetland vegetation was sampled using shore-perpendicular transects within each of 

three focus areas (South Brighton, Southshore, and Ferrymead) that account for the majority of 

all wetland remnants in the estuary (Fig. 2.2). The sampling transects (n = 30) comprised of 

two transects at the five largest wetlands in each of the three focus areas (Fig. 2.2). Transects 

were cast perpendicular to a smoothed baseline at the approximate position of Mean High 

Water Springs (MHWS) using the ambur package (ñAnalyzing Moving Boundaries Using Rò) 

following Jackson et al. (2012) and ground-truthed using real-time kinematic (RTK) GPS in 

the field.  
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Fig. 2.2 Location of the three focus areas (South Brighton, Southshore and Ferrymead), shore-perpendicular 

sampling transects (n = 30) at 15 individual wetlands, and coastal wetland vegetation as recorded in 2008 

(Grove et al. 2012). 

 

2.2.2 Ground level change 

Ground level changes were assessed using point sampling of digital elevation models (DEM) 

prepared from light detection and ranging (LiDAR) datasets within areas of interest. 

Additionally, we assessed recent changes using RTK-GPS and laser surveys in early 2019 to 

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

Ground levels were calculated at 1 m spacing on the transect lines producing a dataset of 4240 
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points that were re-sampled over the time. LiDAR 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 (pre-quake baseline) and provide complete coverage of the study 

(Table 2.1). 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 2015 (Canterbury Geotechnical Database 2014; LINZ 2017). Identical 

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

2.1 shows the horizontal and vertical accuracy of the DEMs excluding potential GPS network 

errors (ca. ±0.06 m), and New Zealand Quasigeoid 2009 approximations. Profiles produced 

from the RTK-GPS surveys have a vertical accuracy of ±0.12 m or better. Positional errors on 

the transect lines are in the range ±0.05 ï 0.10 m range and depend on 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 events in the Canterbury Earthquake Sequence (CES). 

LiDAR 
acquisition 
dates  

Timing in relation  
to CES 

Supplier Commissioning agencies 
Accuracy (m) 

horizontal vertical 

6-9 Jul 
2003 

Pre- CES baseline AAM Brisbane Christchurch City Council ±0.55 ±0.15 

20-30 May 
2011 

after Feb 2011 
earthquake 

AAM Brisbane Christchurch City Council ±0.55 ±0.07 

5 Oct-7 Nov 
2015 

Post- CES AAM Brisbane Canterbury Regional 
Council 

±1.00 ±0.20 

 

Major tectonic events 
   

  

Location Date Magnitude
Ϟ
 ( Mw ) Max slip depth

ϟ
 (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 
Ϟ
 Beavan et al. (2012). December 2011 magnitude represents combined moments of the two largest tremors.  
ϟ 
Quigley et al. (2016). 

 

 

2.2.3 Vegetation data and zonation model 

Vegetation data were available from coastal wetland surveys by Environment Canterbury in 

2008 and 2015 (Grove et al. 2012), and a further survey was completed in early 2019. The 

spatial extent of the 2008 and 2015 data sets included all coastal wetland vegetation in the 

wider estuary catchment. The scope of the 2019 survey was limited to the location of the 

sampling transects. The method used for all surveys was an adaptation of the Atkinson (1985) 

vegetation mapping system in which the delineation of mapped units is based on differences in 

the dominant vegetation observed. Boundaries between units are assigned in the field based on 
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direct observations assisted with aerial imagery, and percentage cover of the dominant species 

is estimated for each unit mapped. Each unit was subsequently digitized in a GIS and the 

vegetation categorised using the hierarchical classification of Grove et al. (2012) for 

Canterbury coastal wetlands. We used the finest scale of the classification (óvegetation typeô) 

for which 50 classes are found in the wider study area, 28 of which were recorded on the 

transect lines. We also calculated changes for five óstructuralô classes (rushland, reedland, 

herbfield, grassland, shrubland, and sparsely-vegetated) reflecting dominant habitat types as 

defined within the same classification (Grove et al. 2012). Additionally, we modelled the 

broader-scale intertidal zonation pattern using a combination of literature 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 provide the best available representation of pre-earthquake zonation 

with complete coverage of the study area.  

 

2.2.4 Data analyses 

Intersection analyses were used to sample the geospatial position of mapped vegetation 

polygons on the transects and differencing used to calculate ground level changes at each 

survey date. Measurement errors include horizontal discrepancies between the DEMs or 

sampled points and inaccuracies in the estimation or digitisation of the vegetation unit 

boundaries during surveys. The latter was reduced by applying 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 LiDAR (Table 2.1).  

 

Two-way ANOVAs were used to evaluate within group variance for location (focus areas) and 

time. Data were transformed where necessary to meet variance homogeneity and normality 

assumptions, and post-hoc Tukeyôs (HSD) tests were used to identify significant effects. In the 

case of heterogeneity of variances, KruskalïWallis rank sum tests were used to compare means 

followed by Wilcoxon post-hoc comparisons for significant treatment effects. All analyses 

were conducted in NZTM 2000: ESPG 2193 projection using QGIS v 2.18 (QGIS 

Development Team 2017). Statistical analyses were conducted in R v3.3.3 (R Core Team 

2017). Orthographic heights are in Lyttelton 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 New Zealand 2019).   
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2.3 Results 

2.3.1 Ground level change 

Considerable ground level changes were detected throughout the study period within the pre-

quake intertidal vegetation footprint (Fig. 2.3). Two distinct phases can be identified: vertical 

displacements in both directions 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 experienced initial uplift (0.18 m and 0.12 m, respectively) associated with the 

February 2011 earthquake. For both, these uplift effects were reduced to only 0.01 m by 2015 

and net subsidence by 2019. Over the 8-year period (2011 - 2019) the subsidence trend has 

resulted in mean surface elevation losses of 41 mm yr
-1

 at Ferrymead, 39 mm yr
-1

 at South 

Brighton, and 32 mm yr
-1

 at Southshore (Fig. 2.3). These ground level changes were 

significantly different between sampling periods and locations and there was a significant 

interaction between the two (ANOVA, p < 0.001). Post-hoc comparisons showed that ground 

level changes at South Brighton differed significantly from both other areas (p <  0.001), but 

there was no significant difference between Ferrymead and Southshore overall (p = 0.61). 

 

Fig. 2.3 Changes in ground levels within the pre-earthquake intertidal vegetation footprint for three localities 

within the Avon Heathcote Estuary / Ihutai over the period 2003 ï 2019. The Canterbury Earthquake 

Sequence (CES) included two major earthquakes in September 2010 and February 2011 that preceded the 

2011 ground level measurement date.  

 

These changes within VCEs are consistent with the general pattern of ground displacements in 

the eastern Christchurch area revealed by LiDAR surveys to 2015 (Fig. 2.4). The key trends are 

a tilting effect of the February 2011 earthquake with subsidence of the lower Avon River 

catchment and South Brighton area, uplift in the Heathcote catchment and Ferrymead area, and 

a mixture of effects at Southshore (Fig. 2.4a). As the CES progressed, further subsidence was 
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evident throughout the wider area (Fig. 2.4b). These measurements were, however, partly 

influenced by horizontal ground movement in an easterly direction, as evidenced by the pattern 

of movements in valley systems towards the south of the study area between the 2011 and 

2015 LiDAR acquisition date (Fig. 2.4b). These horizontal movements may have led to 

overestimates of subsidence on the eastern shoreline and the reverse effect on the west, 

especially in areas with steeper shore profiles. Despite this, results from the 2019 GPS survey 

indicate that the coastal wetlands have continued to lose surface elevation over the past four 

years (Fig. 2.3). Further investigations are needed to determine the cause of these trends given 

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

 

 

 

Fig. 2.4 Ground level differences relative to 2003 ground elevations measured by airborne light detecting 

and ranging radar (LiDAR) in the vicinity of the Avon Heathcote Estuary Ihutai in eastern Christchurch. (a) 

2003-2011 differences as measured after the February 22
nd

 2011 earthquake that caused widespread damage 

to infrastructure and land. (b) 2003 ï 2015 differences showing cumulative effects of 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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2.3.2 Vegetation change 

Across all transects, the percentage change in shore-perpendicular vegetation extent increased 

by an average of 151% for the period 2008 ï 2015, and there was little further change from 

2015 to 2019 (Table 2.2). Within each area, there were substantial differences from this overall 

trend. Ferrymead study sites experienced a 17% reduction in the 2015 ï 2019 period, which 

differed significantly (p < 0.05) from the relatively small initial response. In Southshore, 

similar reductions (24%) were experienced in the 2015 - 2019 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 within this area, particularly in the 2008 ï 2015 

comparison. Only small changes were detected for both post-quake periods at South Brighton 

(Table 2.2). 

 

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 pre-quake vegetation extent (2633 m) was relatively unchanged by 2015 (2558 

m), but then reduced to 2233 m by 2019. This 15% overall loss compares to the mean 

percentage change on individual transects of only 1.1% (Table 2.2). At Ferrymead, the 

vegetation reduced from 1174 m to 917 m, with most of this 22% loss occurring between 2015 

and 2019. South Brighton also experienced a reduction, from 1069 m (pre-quake) to 873 m by 

2015, and 815 m by 2019, a 24% loss overall. At Southshore the pre-quake extent (390 m) 

initially increased to 532 m in 2015, and then decreased to 501 m by 2019, resulting in a 111 m 

(28%) gain overall. 

 

Table 2.2 Changes in the shore-perpendicular extent of coastal wetland vegetation at three locations within 

the Avon Heathcote Estuary Ihutai in relation to the Canterbury Earthquake Sequence beginning 2010. 

Measurements taken in 2008 are representative of pre-earthquake conditions. 
 

Percentage change
Ϟ
 on individual transect lines 

(mean ± SE) 

 
2008 - 2015 2015 - 2019 df  Kruskal-Wallis ̝ 2 p-value

ϟ
 

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 ± 7.5 2  3.0698 0.0798 

Total change (m) 

 2008 - 2015 2015 - 2019 overall   

 

overall (%)  
 

Ferrymead -21 -236 -257 -21.9 
 

 

South Brighton -196 -58 -254 -23.8 
 

 

Southshore 142 -31 111 +28.5 
 

 

TOTAL -75 -325 -400 -15.2 
 

 

Ϟ expressed as percentage of 2008 figures 
ϟ results shown in bold are significant at Ŭ = 0.05  
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2.3.3 Zonation patterns and structural classes 

Zonation model 

The 2008 vegetation data set contains 347 mapped polygons representing the 26 vegetation 

types with a total area of 55.8 ha and mean pre-quake ground elevation of 1.26 m LVD (±0.26 

SD), based on the 2003 DEM (Table 2.3). Previous studies of the Avon Heathcote Estuary 

Ihutai have reported a mid-marsh vegetation band characterised by herbfield species such as 

glasswort (Salicornia quinqueflora), buck's horn plantain (Plantago coronopus), and remuremu 

(Selliera radicans) (Jones & Marsden 2007). The intertidal zonation model uses the presence 

of two indicator species to define the zone boundaries. The mid zone lower limit is defined by 

the presence of glasswort (Salicornia quinqueflora) herbfield, and the upper limit by the 

transition to saltmarsh ribbonwood (Plagianthus divaricatus) shrubland (Table 2.3).  

 

Table 2.3 Intertidal zonation model for coastal wetland vegetation in the Avon Heathcote Estuary Ihutai. 

Vegetation type Ϟ 

Ground elevation 

(LVDϞ) 
Zonation 

model 
Mean SD 

Native musk (Thyridia repens) herbfield 0.87 0.28 

Low marsh 

Mixed saltmarsh herbfield, glasswort (Sarcocornia quinqueflora) absent 1.00 0.18 

Lake clubrush (Schoenoplectus tabernaemontani) reedland 1.02 0.21 

/ŀƭŘǿŜƭƭΩŎƭǳōǊǳǎƘ (Bolboschoenus caldwellii) with native saltmarsh species 1.08 0.36 

Grass-herbfield 1.11 0.26 

Sea rush (Juncus kraussii) with exotic grasses 1.12 0.06 

Sea rush (J. kraussii) essentially alone 1.16 0.44 

Three square (Schoenoplectus pungens) reedland 1.17 0.42 

Sea rush (J. kraussii) with saltmarsh herbfield, glasswort (S. quinqueflora) present 1.22 0.16 

Mid marsh 

Glasswort (S. quinqueflora) and sea lavender (Limonium companyonis) herbfield 1.22 0.01 

Oioi (Apodasmia similis) with saltmarsh herbfield 1.24 0.20 

Creeping bent (Agrostis stolonifera) grassland 1.26 0.26 

Oioi (A. similis) with marsh ribbonwood (Plagianthus divaricatus) and sea rush (J. kraussii) 1.29 0.31 

Three square (S. pungens) with native saltmarsh shrubs and rushes 1.29 0.12 

/ŀƭŘǿŜƭƭΩǎ ŎƭǳōǊǳǎƘ όB. caldwellii) reedland 1.30 0.48 

Mixed saltmarsh herbfield, glasswort (S. quinqueflora) present 1.30 0.58 

Oioi (A. similis) with introduced grasses and jointed rush (Juncus articulatus) 1.30 0.29 

Sea rush (J. krausii), marsh ribbonwood (P. divaricatus), oioi (A. similis), three square (S. pungens) 1.32 0.36 

Oioi (A. similis) restiad rushland 1.35 0.49 

Tall fescue (Schedonorus arundinaceus) dominant grassland with exotic associates 1.35 0.21 

Marsh ribbonwood (P. divaricatus)shrubland with oioi (A. similis) 1.40 0.14 

High marsh 

Marsh ribbonwood (P. divaricatus) with sea rush (J. kraussi) 1.40 0.34 

Sea primrose (Samolus repens) turf 1.41 1.03 

Marsh ribbonwood (P. divaricatus) with exotic grass 1.52 0.34 

Tall fescue (S. arundinaceus) dominant grassland with native associates 1.52 0.41 

Marsh ribbonwood (P. divaricatus) shrubland 1.64 0.37 

Ϟ
 vegetation type descriptions follow naming convention of Grove et al. (2012). 
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Earthquake effects on zonation 

The greatest absolute changes were found in the low zone, which was reduced by 318 m 

(28%). The high zone experienced a 132 m loss (32%), and the mid zone a 50 m (5%) gain 

across all sites (Fig. 2.5a). This overall pattern varied considerably between locations. At 

Ferrymead, losses occurred in the low and mid zones (280 m and 56 m, respectively), with the 

high zone gaining 79 m by 2019 (Fig. 2.5a). 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 zone less affected (21 m). The overall loss was 245 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 on the five structural vegetation classes were generally consistent with the zonation 

pattern changes in consideration of the characteristic habitat types. Across all sites, the greatest 

losses occurred in reedland, herbfield and shrubland structural classes (Fig. 2.5b). At 

Ferrymead the greatest losses 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 (135 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 areas of die-off and 

new colonisation in which vegetation changes are still occurring and a stable state has yet to be 

reached.  
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Fig. 2.5 Shore-perpendicular extent of coastal wetland vegetation at three locations in the Avon Heathcote Estuary Ihutai in relation to the Canterbury Earthquake 

Sequence showing effects on (a) intertidal zonation patterns, and (b) structural vegetation classes. Measurements taken in 2008 are representative of pre-earthquake 

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

Responses of the three largest individual wetlands (Bexley, Settlers and Charlesworth) 

exerted disproportionate effects on the impacts as a whole, and these have been exacerbated 

since 2015 (Fig. 2.6). All involved vegetation loss, although the temporal sequence of events 

differed markedly. At Bexley Wetland, where the largest area of vegetation was recorded 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 subsequent period to 2019.  

 

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 vegetation into an area of former pine 

forest located seaward of a large embankment that provides the 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 inland limit of this migration sequence is 

constrained by the embankment system, and this is reflected by the lack of further change 

between 2015 and 2019 (Fig 2.6). 

 

 

 

Fig. 2.6 Changes in the shore-perpendicular extent of intertidal vegetation at 15 coastal wetlands in the 

Avon Heathcote Estuary Ihutai over the period 2008 ï 2019. Error bars are standard error of the mean. 

Locations of each wetland are shown in Fig 2.2. 
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Fig. 2.7 Site photographs. (a) Bexley Wetland in the South Brighton area where large areas of wetland 

were eliminated by drowning. Landward migration of riparian wetlands was constrained by land 

reclamation and seawalls associated with a previous housing development (arrowed). (b) an extensive new 

area of saltmarsh herbfield now occupies a former area of pine forest following landward migration in 

response to relative sea-level 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 the embankment. (c) 

temporary stop-banks 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 managed retreat of these defences could be readily achieved. (d) large 

expanses of lower intertidal zone rushland perished in areas of subsidence. Below-ground remnants are 

now eroding releasing accumulated carbon stores. (e) areas of former shrubland have been slow to recover 

in many areas indicating complex turnover dynamics as conditions change.  (f) yellow flowers of Cotula 

coronopifolia indicate large areas of saltmarsh herbfield that have only recently invaded pastoral land on 

the southwestern shoreline in response to ground surface subsidence and relative sea-level 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. Credits: Shane Orchard (a-e), Andrew Crossland (f). 
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2.3.5 Vegetation change in relation to uplift and subsidence 

Vegetation responses were variable in relation to ground level changes over 2008 ï 2015, 

with no clear patterns in magnitude or direction (Fig.2.8a). For example, widespread 

subsidence at South Brighton resulted in both losses and gains at individual wetlands, 

indicating the importance of site-specific effects. By 2015, net uplift was only present at three 

sites and these also showed variable vegetation responses. At many wetlands, however, the 

direction of responses measured in 2015 continued to 2019 (Fig. 2.8a). 

 

Responses of the structural vegetation classes were also highly variable with the exception of 

herbfield which was consistently reduced by RSL rise in both time periods (Fig. 2.8b). The 

variable effects on other classes as measured in 2015 may reflect different responses of the 

sites to RSL changes but also the potential for lag effects in response to the ground 

displacements. By 2019 the structural class responses had developed a more consistent 

relationship with ground level change which highlighted an association between subsidence 

and negative impacts on herbfield, reedland and shrubland (Fig. 2.8b). 
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(a) Individual wetlands 2008-2015 2008-2019 

Location Wetland 
Ground 
level ȹ 

Vegetation 
ȹ 

Ground 
level ȹ 

Vegetation 
ȹ 

Ferrymead 

Avoca         

Charlesworth         

5ŜǾƛƭΩǎ 9ƭōƻǿ         

Golf Course         

Settlers         

South 
Brighton 

Bexley         

Domain         

Kibblewhite         

Lower Bridge         

Upper Bridge         

Southshore 

Caspian         

Kingfisher         

Penguin         

Petrel         

Sandspit         

(b) Structural vegetation classes 

 
Grassland         
Herbfield         
Reedland         
Rushland         
Shrubland         

 

 

 

 

 

 

 

Fig. 2.8 Summary of vegetation responses in relation to ground level change associated with the 

Canterbury Earthquake Sequence beginning 2010 at (a) 15 individual wetlands on 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 is also 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 

LEGEND 
Ground level  

ȹ 
Vegetation 
ȹ 

  > +0.2 m > 20% gain 

  +0.11 ς 0.2 m  11-20% gain 

  ± 0 ς 1.0 m 0-10% change 

  --0.11 ς 0.2 m 11-20% loss  

  > - 0.2 m > 20 loss 
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same wetlands over different time periods as well as variation between sites. Following the 

February 2011 (6.4 Mw) earthquake, the 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 their pre-quake levels in uplifted areas 

(e.g., Ferrymead and Southshore). Subsidence continued across the whole system to 2019 

resulting in an eight-year period of RSL rise. Over the 11-year study, there was a 15% loss of 

wetland extent that mostly reflects rapid changes between 2015 and 2019. In the following 

sections we discuss the key contributing factors and management implications. We begin 

with a discussion of uplift before turning attention to subsidence and RSL rise.  

 

2.4.1 Uplift and resilience gains 

Uplifted areas showed changes in the relative proportions of wetland types, even where there 

was little change in the overall extent of wetlands (e.g., Ferrymead). Turnover was evident in 

both structural vegetation classes and the intertidal zonation pattern resulting in new 

configurations of the characteristic wetland species. A lag effect between the timing of 

ground level changes and vegetation responses was evident for shrubland and consistent with 

slow establishment times in comparison to other classes. The 2015 measurements showed an 

expansion of shrubland in the initially uplifted areas likely facilitated by drier conditions and 

also consistent with increases in the extent of the upper intertidal plant community (i.e., the 

óhighô zone). At this time, however, ground levels had essentially returned to pre-earthquake 

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 

anthropogenic land-uses into uplifted areas that initially became drier and further from the 

tide. This space is now needed to accommodate a reversal of the initial (February 2011) 

ground displacements. Higher intertidal areas have historically been easy targets for land 

reclamation, yet this comes at the expense of high tide beaches and biodiversity impacts such 

as shorebird habitat loss (Green et al. 2015; Woodley 2012). In this case, further 

encroachment has the effect of exacerbating coastal squeeze pressures by introducing new 

barriers to wetland migration that did not exist before the earthquake (Fig. 2.7c). It also 

suggests that coastal uplift should be embraced as a resilience gain for future sea-level rise. 
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Seaward shoreline movements present rare opportunities for a natural resetting of the system, 

offsetting the effects of historical land development trends.  

 

2.4.2 Subsidence and relative sea-level rise 

In New Zealand and elsewhere, conservation policy objectives are primarily focussed on the 

protection of current VCEs through the identification of important locations and 

establishment of protected areas. Achieving protection has the potential to improve outcomes 

for biodiversity and climate change mitigation yet is challenging to integrate with other 

important land-use under conditions of RSL rise (Doughty et al. 2019; Lovelock et al. 2017; 

Pendleton et al. 2012). Our empirical observations confirm beyond doubt that rapid RSL rise 

can pose major risks to the persistence of tidal wetlands. Furthermore, the observation of a 

sustained and relatively constant rate of wetland loss over an eight year period of subsidence 

(2011 ï 2019) in all three areas contributes valuable information on the question of whether 

compensatory accretion processes can keep pace.  

 

The annualised RSL rise rates show that the lowest rate observed (32 mm year
-1

) was beyond 

the threshold of resilience. Additionally, 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 achieved (Morris et al. 2002). These are very high 

rates of RSL rise in comparison to background sea-level changes (~ 2 mm year
-1

) and future 

climate change scenarios (Church et al. 2013), and therefore, are not directly illustrative of 

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

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 loss in this example 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, consistent with established theory (Kirwan & Guntenspergen 2010), even 

though vegetation changes occurred across the full intertidal range. Vegetation losses 

adjacent to active tidal channels are likely to increase the risk of below-ground carbon 

deposits being eroded and exported from the wetland (Theuerkauf et al. 2015). However, we 
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observed that the root mat of rushland species such as oioi (Apodasmia similis) could persist 

for several years after mortality of the vegetation and this may present an opportunity for 

restoration initiatives to save carbon deposits (Fig. 2.7d). We also observed elimination 

effects higher in the intertidal range associated with the die-off of shrubland (Fig. 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 small-scale disturbance dynamics 

may significantly influence vegetation trajectories (Macreadie et al. 2013; Martinetto et al. 

2016), and marsh-scale vegetation differences influence the rate of accretion overall (Chmura 

& Hung 2004; Rodríguez et al. 2017; Roner et al. 2016). 

 

Practical strategies for the management of rising sea levels may include the maintenance of 

conditions that promote compensatory accretion because this process provides the most 

promising potential mechanism by which current wetland footprints could be maintained 

(Macreadie et al. 2017; Voss et al. 2013). As was noted by Kirwan et al. (2016), 

biogeophysical feedbacks have the potential to drive higher accretion rates with increasing 

inundation duration. Threshold rates for tidal marsh survival under global sea-level rise were 

found to be highly influenced by sediment availability (Kirwan 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 sediment supply was sufficient 

to infill and eliminate tidal marsh communities in the Ferrymead area over a 14 year prior to 

the earthquakes (Jupp et al. 2007). However, sediment accumulation rates for the estuary as a 

whole were found to be surprisingly low (< 1mm yr
-1

) based on measurements made between 

1970 and 2000 (Burge 2007), and were much lower than typical of other NZ estuaries 

(Morrison et al. 2009). Additionally, organic matter loading has been reported to be less than 

the rate of in situ mineralisation since the cessation of treated wastewater discharges to the 

estuary in 2010 (Zeldis et al. 2019). These factors suggest that the availability of suspended 

particulate matter was likely 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 marsh break-up in 

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 directly available from the 

methodology used in this study these explanations are consistent with the observed increase 

in sparsely-vegetated areas (Fig. 2.5b). 
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Although the rates of RSL rise observed are high in comparison to expectations for climate 

change (Kirwan et al. 2016), the anthropogenic contributing factors are transferable to the 

general case of managing RSL rise that may exceed plant community thresholds. Our results 

point to the need for prioritisation exercises to identify at-risk locations, with specific 

attention to the size of the areas involved. This spatially-explicit approach offers practical 

benefits for the design of intervention strategies targeting risk factors other than hydrological 

changes that contribute to marsh-scale vulnerability and the landscape-scale risk profile. The 

urgent need for such vulnerability assessments has been similarly highlighted in other studies 

(Doughty et al. 2019; Osland et al. 2017).  

 

Useful management techniques could include the restoration of vegetation communities on 

the cusp of die-back 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 other land-use change (Duarte 

et al. 2013; Macreadie et al. 2017; Morris et al. 2016). These principles offer promise for a 

new ecological engineering paradigm that differs from, and yet is complementary to the 

assisted migration approach based on the facilitation of range shifts (Hällfors 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). 

 

2.4.3 Connectivity, land-use planning, and infrastructure design 

Despite the self-maintenance potential of vertical accretion, the management of connectivity 

between potential areas of tidal inundation is an important principle for the sustainability of 

coastal wetlands. In the upper intertidal zone this may rely on small waterway connections or 

overland flowpaths only activated at high tidal levels and which are easy to overlook. Simple 

engineering such as attention to hydrological barriers or planned breaches of existing flood 

defences provide useful strategies for assisting the movement of wetlands as conditions 

change (Duarte et al. 2013). To enable this, the suitability of existing land uses for retirement 

and naturalisation becomes a key consideration, and this is an excellent example of where an 

opportunistic conservation paradigm could be beneficial for climate change (Knight & 

Cowling 2007). In the present study an example became evident only recently on the 

southwestern shoreline. This area had previously uplifted before subsiding more recently, 
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activating the landward migration of saltmarsh herbfield species via an existing network of 

drainage channels. In response, large areas of pasture have begun a transformation to coastal 

wetland vegetation (Fig. 2.7f). The lesson here is two-fold. First, this illustrates a natural 

environment response in the absence of connectivity barriers. Second, it highlights the need 

to identify and protect such areas to build resilience to sea-level rise. 

 

2.4.4 Risk factors that can inform climate change adaptation 

Although the RSL rise rates observed in this study represent extreme scenarios the empirical 

observation of VCE responses have illuminated risk factors that are transferable to other 

locations facing RSL rise. We conclude by summarising four risk factors amenable to 

management that can be identified from the observed patterns of VCE loss.  

 

1. Anthropogenic encroachment results in resilience loss 

When predicted sea-level rise is considered, further encroachment of anthropogenic barriers 

results in a loss of resilience for tidal lagoons. Although this principle may appear obvious, in 

reality it is seldom embraced. Reclamation and armouring continue to occur and managed 

retreat is rare. The severity of effects depends on the size of the areas that are lost from the 

natural environment and the specific elevation ranges involved that are influenced by both of 

the location and design of built-environment modifications. As with our example, the use of 

temporary barriers for flood 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 reversibility of any such new infrastructure is an important consideration for 

socio-ecological resilience in the longer term. 

 

2. Connectivity losses exacerbate encroachment effects, and conversely, are a practical focus  

     for improving resilience 

The context of rising 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 

compensatory landward movement across the shore profile. Anthropogenic modifications 

may have the effect of truncating the landward migration of VCEs as conditions change. 

Although opportunities for resilience gains may be identified and modelled as suitable ground 

elevations behind the line of existing defences, they are highly dependent on connectivity 

effects. This demonstrates a relationship between connectivity-related impacts and the design 
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of infrastructure. For example, storm defences could be designed to allow for connectivity to 

support natural environment process and deployed only as needed 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. In this study, vulnerability of the largest wetlands 

proved to be an important contributor to the overall impacts and was a function of their 

vegetation composition and position in the socio-ecological landscape. These results suggest 

a need for spatially-explicit vulnerability assessments at the scale of individual wetlands, with 

a focus on the larger remnants being important to risk reduction. Similarly, site-specific 

vulnerability assessments are required to evaluate effects on key wildlife species with regards 

to critical habitats. They may also be useful in considering climate effects on human activities 

such as wild harvest and recreational use. 

 

4. There is a need to protect new areas to accommodate the future movement of ecosystems 

Despite the promise of wetland self-maintenance, this study showed the actual movement of 

wetlands exposed to prolonged RSL rise. Similar effects may occur in 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. Land-use change initiatives must be initiated without delay to improve the 

potential for workable solutions to be identified, and as highlighted here, they include taking 

advantage of opportunities to future-proof available land. Arguably, the most effective 

formula for long term sustainability integrates new ecological engineering paradigms with 

resilience-based land-use planning and infrastructure design. Failure to embrace these 

concepts poses a major risk to the persistence of coastal wetlands and the multiple benefits 

they provide. 

 

2.5 Acknowledgements 

We thank Land Information New Zealand, Environment Canterbury and Christchurch City 

Council for access to datasets, and Philip Grove, Mark Parker, and Andrew Crossland for 

sharing field observations and helpful discussions. Thanks to Thomas Falconer, Zoe Smeele 

and Irene Setiawan for field assistance. Financial support for this study was provided by the 

NgǕi Tahu Research Centre at the University of Canterbury. 



Risk factors for coastal habitat and blue carbon 

54 

2.6 References 

Adam, P. (2002). Saltmarshes in a time of change. Environmental Conservation, 29(1), 39-61. 

doi:10.1017/S0376892902000048 

Albert, S., Saunders, M. I., Roelfsema, C. M., Leon, J. X., Johnstone, E., Mackenzie, J. R., . . . 

Woodroffe, C. D. (2017). Winners and losers as mangrove, coral and seagrass ecosystems 

respond to sea-level rise in Solomon Islands. Environmental Research Letters, 12(9), 94009. 

doi:10.1088/1748-9326/aa7e68 

Anisfeld, S. C., Cooper, K. R., & Kemp, A. C. (2017). Upslope development of a tidal marsh as a 

function of upland land use. Global Change Biology, 23(2), 755-766. doi:10.1111/gcb.13398 

Atkinson, I. A. E. (1985). Derivation of vegetation mapping units for an ecological survey of 

Tongariro National Park, North Island, New Zealand. New Zealand Journal of Botany, 23, 361-

378.  

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R. (2011). The 

value of estuarine and coastal ecosystem services. Ecological Monographs, 81(2), 169-193. 

doi:10.1890/10-1510.1 

Beavan, J., Motagh, M., Fielding, E. J., Donnelly, N., & Collett, D. (2012). Fault slip models of the 

2010-2011 Canterbury, New Zealand, earthquakes from geodetic data and observations of 

postseismic ground deformation. New Zealand Journal of Geology and Geophysics, 55(3), 207-

221. doi:10.1080/00288306.2012.697472 

Blankespoor, B., Dasgupta, S., & Laplante, B. (2014). Sea-Level Rise and Coastal Wetlands. Ambio, 

43(8), 996-1005. doi:10.1007/s13280-014-0500-4 

Bradley, B. A., Quigley, M. C., Van Dissen, R. J., & Litchfield, N. J. (2014). Ground motion and 

seismic source aspects of the Canterbury Earthquake Sequence. Earthquake Spectra, 30(1), 1-

15. doi:10.1193/030113EQS060M 

Brisson, C. P., Coverdale, T. C., & Bertness, M. D. (2014). Salt marsh die-off and recovery reveal 

disparity between the recovery of ecosystem structure and service provision. Biological 

Conservation, 179, 1-5. doi:10.1016/j.biocon.2014.08.013 

Burge, P. I. (2007). Sedimentation in the Avon-Heathcote Estuary/Ihutai ï an analysis of past and 

present studies. Upublished report. Accessed 2 December 2019 from 

https://drive.google.com/file/d/0B43syqhCcNE_ZTUyMGVhNGMtZjEzZC00MjE4LTg0N2Qt

ZmY3NDdiOGRlYjk2/view?num=50&sort=name&layout=list&pli=1.  

Cahoon, D. R. (2015). Estimating Relative Sea-Level Rise and Submergence Potential at a Coastal 

Wetland. Estuaries and Coasts, 38(3), 1077-1084. doi:10.1007/s12237-014-9872-8 

Cahoon, D. R., Reed, D. J., & Day, J. W. (1995). Estimating shallow subsidence in microtidal salt 

marshes of the southeastern United States: Kaye and Barghoorn revisited. Marine Geology, 

128(1), 1-9. doi:10.1016/0025-3227(95)00087-F 

Canterbury Geotechnical Database. (2014). Verification of LiDAR acquired before and after the 

Canterbury Earthquake Sequence. CGD Technical Specification 03 April 2014. Christchurch: 

Canterbury Geotechnical Database. 52pp.  

Chmura, G. L. (2013). What do we need to assess the sustainability of the tidal salt marsh carbon 

sink? Ocean and Coastal Management, 83, 25-31. doi:10.1016/j.ocecoaman.2011.09.006 

Chmura, G. L., Anisfeld, S. C., Cahoon, D. R., & Lynch, J. C. (2003). Global carbon sequestration in 

tidal, saline wetland soils. Global Biogeochemical Cycles, 17(4), 1111-n/a. 

doi:10.1029/2002GB001917 

Chmura, G. L., & Hung, G. A. (2004). Controls on salt marsh accretion: A test in salt marshes of 

eastern Canada. Estuaries, 27(1), 70-81. doi:10.1007/BF02803561 



Risk factors for coastal habitat and blue carbon  

     55 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

Church, J. A., Clark, P. U., Cazenave, A., Gregory, J. M., Jevrejeva, S., Levermann, A., . . . 

Unnikrishnan, A. S. (2013). Sea Level Change. In: Climate Change 2013: The Physical Science 

Basis. Contribution of Working Group to the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 

Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA.  

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., . . . van den Belt, M. 

(1998). The value of the world's ecosystem services and natural capital. Ecological Economics, 

25(1), 3-15. doi:10.1016/S0921-8009(98)00020-2 

Coverdale, T. C., Brisson, C. P., Young, E. W., Yin, S. F., Donnelly, J. P., & Bertness, M. D. (2014). 

Indirect human impacts reverse centuries of carbon sequestration and salt marsh accretion. 

PLoS One, 9(3), e93296. doi:10.1371/journal.pone.0093296 

Craft, C., Clough, J., Ehman, J., Joye, S., Park, R., Pennings, S., . . . Machmuller, M. (2009). 

Forecasting the effects of accelerated sea-level rise on tidal marsh ecosystem services. 

Frontiers in Ecology and the Environment, 7(2), 73-78. doi:10.1890/070219 

Crosby, S. C., Sax, D. F., Palmer, M. E., Booth, H. S., Deegan, L. A., Bertness, M. D., & Leslie, H. 

M. (2016). Salt marsh persistence is threatened by predicted sea-level rise. Estuarine, Coastal 

and Shelf Science, 181, 93-99. doi:10.1016/j.ecss.2016.08.018 

Day, J. W., Britsch, L. D., Hawes, S. R., Shaffer, G. P., Reed, D. J., & Cahoon, D. (2000). Pattern and 

Process of Land Loss in the Mississippi Delta: A Spatial and Temporal Analysis of Wetland 

Habitat Change. Estuaries, 23(4), 425-438. doi:10.2307/1353136 

DeLaune, R. D., & White, J. R. (2012). Will coastal wetlands continue to sequester carbon in 

response to an increase in global sea level?: a case study of the rapidly subsiding Mississippi 

river deltaic plain. Climatic Change, 110(1), 297-314. doi:10.1007/s10584-011-0089-6 

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M., & Kanninen, M. (2011). 

Mangroves among the most carbon-rich forests in the tropics. Nature Geoscience, 4(5), 293-

297. doi:10.1038/ngeo1123 

Doody, J. P. (2004). óCoastal squeezeô ï an historical perspective. Journal of Coastal Conservation, 

10(1), 129-138. doi:10.1652/1400-0350(2004)010[0129:CSAHP]2.0.CO;2 

Doughty, C. L., Cavanaugh, K. C., Ambrose, R. F., & Stein, E. D. (2019). Evaluating regional 

resiliency of coastal wetlands to sea level rise through hypsometry˖based modeling. Global 

Change Biology, 25(1), 78-92. doi:10.1111/gcb.14429 

Duarte, C. M., Losada, I. J., Hendriks, I. E., Mazarrasa, I., & Marbà, N. (2013). The role of coastal 

plant communities for climate change mitigation and adaptation. Nature Climate Change, 

3(11), 961-968. doi:10.1038/nclimate1970 

Duke, N. C., Meynecke, J. O., Dittmann, S., Ellison, A. M., Anger, K., Berger, U., . . . Dahdouh-

Guebas, F. (2007). A World without Mangroves? Science, 317(5834), 41-42. 

doi:10.1126/science.317.5834.41b 

Engels, J. G., Rink, F., & Jensen, K. (2011). Stress tolerance and biotic interactions determine plant 

zonation patterns in estuarine marshes during seedling emergence and early establishment. 

Journal of Ecology, 99(1), 277-287. doi:10.1111/j.1365-2745.2010.01745.x 

Fourqurean, J. W., Duarte, C. M., Kennedy, H., Marbà, N., Holmer, M., Mateo, M. A., . . . Serrano, 

O. (2012). Seagrass ecosystems as a globally significant carbon stock. Nature Geoscience, 5(7), 

505-509. doi:10.1038/ngeo1477 

Gedan, K. B., Kirwan, M. L., Wolanski, E., Barbier, E. B., & Silliman, B. R. (2011). The present and 

future role of coastal wetland vegetation in protecting shorelines: answering recent challenges 

to the paradigm. Climatic Change, 106(1), 7-29. doi:10.1007/s10584-010-0003-7 



Risk factors for coastal habitat and blue carbon 

56 

Green, J. M. H., Sripanomyom, S., Giam, X., Wilcove, D. S., & Fuller, R. (2015). The ecology and 

economics of shorebird conservation in a tropical human̟modified landscape. Journal of 

Applied Ecology, 52(6), 1483-1491. doi:10.1111/1365-2664.12508 

Grove, P., Pompei, M., & Parker, M. (2012). Coastal wetland vegetation in Canterbury, 2004ï2011. 

Report No. R12/24. . Christchurch: Environment Canterbury. 57pp.  

Hällfors, M. H., Aikio, S., & Schulman, L. E. (2017). Quantifying the need and potential of assisted 

migration. Biological Conservation, 205, 34-41. doi:10.1016/j.biocon.2016.11.023 

Hannah, J., & Bell, R. G. (2012). Regional sea level trends in New Zealand. Journal of Geophysical 

Research: Oceans, 117(C1). doi:doi:10.1029/2011JC007591 

Hicks, D. M. (1998). Sediment budgets for the Canterbury Coast ï a review, with particular reference 

to the importance of river sediment. Report CHC98/2 prepared for Canterbury Regional 

Council. Christchurch: NIWA.  

Howard, J., Sutton-Grier, A., Herr, D., Kleypas, J., Landis, E., McLeod, E., . . . Simpson, S. (2017). 

Clarifying the role of coastal and marine systems in climate mitigation. Frontiers in Ecology 

and the Environment, 15(1), 42-50. doi:10.1002/fee.1451 

Hughes, M. W., Quigley, M. C., van Ballegooy, S., Deam, B. L., Bradley, B. A., Hart, D. E., & 

Measures, R. (2015). The sinking city: earthquakes increase flood hazard in Christchurch, New 

Zealand. GSA Today, 25(3-4), 4-10.  

Iacono, C. L., Mateo, M. A., Gràcia, E., Guasch, L., Carbonell, R., Serrano, L., . . . Dañobeitia, J. 

(2008). Very high-resolution seismo-acoustic imaging of seagrass meadows (Mediterranean 

Sea): Implications for carbon sink estimates. Geophysical Research Letters, 35(18), L18601. 

doi:10.1029/2008GL034773 

Irving, A. D., Connell, S. D., & Russell, B. D. (2011). Restoring coastal plants to improve global 

carbon storage: reaping what we sow. PloS one, 6(3), e18311-e18311. 

doi:10.1371/journal.pone.0018311 

Jackson, C. W., Alexander, C. R., & Bush, D. M. (2012). Application of the AMBUR R package for 

spatio-temporal analysis of shoreline change: Jekyll Island, Georgia, USA. Computers and 

Geosciences, 41, 199-207. doi:10.1016/j.cageo.2011.08.009 

Jones, M. B., & Marsden, I. D. (2007). Life in the Estuary: Illustrated guide and ecology. 

Christchurch: Canterbury University Press. 179pp.   

Jupp, K. L., Partridge, T. R., Hart, D. E., & Marsden, I. D. (2007). Ecology of the Avon-Heathcote 

Estuary: Comparative Salt Marsh Survey 2006-2007. Report prepared for the Avon-Heathcote 

Estuary Ihutai Trust. Estuarine Research Report 34. University of Canterbury. 77 pp.  

Kelleway, J. J., Saintilan, N., Macreadie, P. I., & Ralph, P. J. (2016). Sedimentary Factors are Key 

Predictors of Carbon Storage in SE Australian Saltmarshes. Ecosystems, 19(5), 865-880. 

doi:10.1007/s10021-016-9972-3 

Kirk, R. M. (1979). Dynamics and management of sand beaches in southern Pegasus Bay. Morris and 

Wilson Consulting Engineers Limited, Christchurch.   

Kirwan, M. L., & Guntenspergen, G. R. (2010). Influence of tidal range on the stability of coastal 

marshland. Journal of Geophysical Research: Earth Surface, 115(F2), n/a-n/a. 

doi:10.1029/2009JF001400 

Kirwan, M. L., & Megonigal, J. P. (2013). Tidal wetland stability in the face of human impacts and 

sea-level rise. Nature, 504(7478), 53-60. doi:10.1038/nature12856 

Kirwan, M. L., & Mudd, S. M. (2012). Response of salt-marsh carbon accumulation to climate 

change. Nature, 489(7417), 550. doi:10.1038/nature11440 



Risk factors for coastal habitat and blue carbon  

     57 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

Kirwan, M. L., Temmerman, S., Skeehan, E. E., Guntenspergen, G. R., & Fagherazzi, S. (2016). 

Overestimation of marsh vulnerability to sea level rise. Nature Climate Change, 6(3), 253-260. 

doi:10.1038/nclimate2909 

Knight, A. T., & Cowling, R. M. (2007). Embracing opportunism in the selection of priority 

conservation areas. Conservation Biology, 21(4), 1124-1126. doi:10.1111/j.1523-

1739.2007.00690.x 

Koho, K. A., Nierop, K. G. J., Moodley, L., Middelburg, J. J., Pozzato, L., Soetaert, K., . . . Herndl, G. 

(2013). Microbial bioavailability regulates organic matter preservation in marine sediments. 

Biogeosciences, 10(2), 1131-1141. doi:10.5194/bg-10-1131-2013 

Krause-Jensen, D., & Duarte, C. M. (2014). Expansion of vegetated coastal ecosystems in the future 

Arctic. Frontiers in Marine Science, 1. doi:10.3389/fmars.2014.00077 

Land Information New Zealand. (2019). Tidal Level Information for Surveyors. Updated 18 June 

2019. Accessed 2 October 2019 from https://www.linz.govt.nz/data/geodetic-system/datums-

projections-and-heights.  

LINZ. (2017). Canterbury - Christchurch and Selwyn LiDAR 1m DEM (2015). Accessed 3 March 

2019 from https://data.linz.govt.nz/layer/53587-canterbury-christchurch-and-selwyn-lidar-1m-

dem-2015/.  

Lotze, H. K., Lenihan, H. S., Bourque, B. J., Bradbury, R. H., Cooke, R. G., Kay, M. C., . . . Jeremy, 

B. C. J. (2006). Depletion, Degradation, and Recovery Potential of Estuaries and Coastal Seas. 

Science, 312(5781), 1806-1809. doi:10.1126/science.1128035 

Lovelock, C. E., Atwood, T., Baldock, J., Duarte, C. M., Hickey, S., Lavery, P. S., . . . Steven, A. 

(2017). Assessing the risk of carbon dioxide emissions from blue carbon ecosystems. Frontiers 

in Ecology and the Environment, 15(5), 257-265. doi:10.1002/fee.1491 

Macreadie, P. I., Anton, A., Raven, J. A., Beaumont, N., Connolly, R. M., Friess, D. A., . . . Duarte, 

C. M. (2019). The future of Blue Carbon science. Nature Communications, 10(1), 1-13. 

doi:10.1038/s41467-019-11693-w 

Macreadie, P. I., Hughes, A. R., & Kimbro, D. L. (2013). Loss of 'blue carbon' from coastal salt 

marshes following habitat disturbance. PloS one, 8(7), e69244-e69244. 

doi:10.1371/journal.pone.0069244 

Macreadie, P. I., Nielsen, D. A., Kelleway, J. J., Atwood, T. B., Seymour, J. R., Petrou, K., . . . Ralph, 

P. J. (2017). Can we manage coastal ecosystems to sequester more blue carbon? Frontiers in 

Ecology and the Environment, 15(4), 206-213. doi:10.1002/fee.1484 

Martinetto, P., Montemayor, D. I., Alberti, J., Costa, C. S. B., & Iribarne, O. (2016). Crab 

bioturbation and herbivory may account for variability in carbon sequestration and stocks in 

south west Atlantic salt marshes. Frontiers in Marine Science, 3. 

doi:10.3389/fmars.2016.00122 

Mateo, M. A., Romero, J., Perez, M., Littler, M. M., & Littler, D. S. (1997). Dynamics of millenary 

organic deposits resulting from the growth of the Mediterranean seagrass Posidonia oceanica. 

Estuarine, Coastal and Shelf Science, 44(1), 103-110.  

McCombs, K., & Partridge, T. R. (1992). The vegetation of the Avon-Heathcote Estuary, 

Christchurch. Unpublished report for the Christchurch City Council Parks Unit. Landcare 

Research contract report No. 92/B. Christchurch: Christchurch City Council.  

McGlathery, K. J., Sundbäck, K., & Anderson, I. C. (2007). Eutrophication in shallow coastal bays 

and lagoons: the role of plants in the coastal filter. Marine Ecology Progress Series, 348, 1-18. 

doi:10.3354/meps07132 

McKee, K. L., Cahoon, D. R., & Feller, I. C. (2007). Caribbean mangroves adjust to rising sea level 

through biotic controls on change in soil elevation. Global Ecology and Biogeography, 16(5), 

545-556. doi:10.1111/j.1466-8238.2007.00317.x 



Risk factors for coastal habitat and blue carbon 

58 

McKee, K. L., & Vervaeke, W. C. (2018). Will fluctuations in salt marshïmangrove dominance alter 

vulnerability of a subtropical wetland to sea-level rise? Global Change Biology, 24(3), 1224-

1238. doi:10.1111/gcb.13945 

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Björk, M., Duarte, C. M., . . . Silliman, B. R. 

(2011). A blueprint for blue carbon: toward an improved understanding of the role of vegetated 

coastal habitats in sequestering CO2. Frontiers in Ecology and the Environment, 9(10), 552-

560. doi:10.1890/110004 

Moomaw, W. R., Chmura, G. L., Davies, G. T., Finlayson, C. M., Middleton, B. A., Natali, S. M., . . . 

Sutton-Grier, A. E. (2018). Wetlands In a changing climate: Science, policy and management. 

Wetlands, 38(2), 183-205. doi:10.1007/s13157-018-1023-8 

Morris, J. T., Barber, D. C., Callaway, J. C., Chambers, R., Hagen, S. C., Hopkinson, C. S., . . . 

Wigand, C. (2016). Contributions of organic and inorganic matter to sediment volume and 

accretion in tidal wetlands at steady state. Earth's Future, 4(4), 110-121. 

doi:10.1002/2015EF000334 

Morris, J. T., Sundareshwar, P. V., Nietch, C. T., Kjerfve, B., & Cahoon, D. R. (2002). Responses of 

Coastal Wetlands to Rising Sea Level. Ecology, 83(10), 2869-2877. doi:10.1890/0012-

9658(2002)083[2869:ROCWTR]2.0.CO;2 

Morrison, M., Lowe, M., Parsons, D., Usmar, N., & McLeod, I. (2009). A review of land-based effects 

on coastal fisheries and supporting biodiversity in New Zealand. In: New Zealand Aquatic 

Environment and Biodiversity Report 37. Wellington: New Zealand Ministry of Fisheries. 

100pp.  

Morton, R. A., Bernier, J. C., Kelso, K. W., & Barras, J. A. (2010). Quantifying large-scale historical 

formation of accommodation in the Mississippi Delta. Earth Surface Processes and Landforms, 

35(14), 1625-1641. doi:10.1002/esp.2000 

Nicholls, R. J. (2004). Coastal flooding and wetland loss in the 21st century: changes under the SRES 

climate and socio-economic scenarios. Global Environmental Change, 14(1), 69-86. 

doi:10.1016/j.gloenvcha.2003.10.007 

Odum, W. E. (1988). Comparative ecology of tidal freshwater and salt marshes. Annual Review of 

Ecology and Systematics, 19, 147-176. doi:10.1146/annurev.es.19.110188.001051 

Orchard, S. (2017). Floodplain restoration principles for the Avon-ǽtǕkaro Red Zone. Case studies 

and recommendations. Report prepared for Avon ǽtǕkaro Network, Christchurch, N.Z. 40pp.   

Orth, R. J., Tim J. B, C., Dennison, W. C., Duarte, C. M., Fourqurean, J. W., Kenneth L. Heck, J. R., . 

. . Williams, S. L. (2006). A global crisis for seagrass ecosystems. Bioscience, 56(12), 987-996. 

doi:10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2 

Osland, M. J., Enwright, N. M., Day, R. H., Gabler, C. A., Stagg, C. L., & Grace, J. B. (2016). 

Beyond just sea-level rise: considering macroclimatic drivers within coastal wetland 

vulnerability assessments to climate change. Global Change Biology, 22(1), 1-11. 

doi:10.1111/gcb.13084 

Osland, M. J., Griffith, K. T., Larriviere, J. C., Feher, L. C., Cahoon, D. R., Enwright, N. M., . . . 

Wilson, K. V. (2017). Assessing coastal wetland vulnerability to sea-level rise along the 

northern Gulf of Mexico coast: Gaps and opportunities for developing a coordinated regional 

sampling network. PloS one, 12(9), e0183431. doi:10.1371/journal.pone.0183431 

Ouyang, X., & Lee, S. Y. (2014). Updated estimates of carbon accumulation rates in coastal marsh 

sediments. Biogeosciences, 11(18), 5057-5071. doi:10.5194/bg-11-5057-2014 

Pendleton, L., Donato, D. C., Murray, B. C., Crooks, S., Jenkins, W. A., Sifleet, S., . . . Baldera, A. 

(2012). Estimating global ñblue carbonò emissions from conversion and degradation of 

vegetated coastal ecosystems. PLoS ONE, 7(9), e43542. doi:10.1371/journal.pone.0043542 



Risk factors for coastal habitat and blue carbon  

     59 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

Phan, L. K., Jaap, S. M. v. T. d. V., & Stive, M. J. F. (2015). Coastal Mangrove Squeeze in the 

Mekong Delta. Journal of Coastal Research, 31(2), 233-243. doi:10.2112/JCOASTRES-D-14-

00049.1 

Potter, S. H., Becker, J. S., Johnston, D. M., & Rossiter, K. P. (2015). An overview of the impacts of 

the 2010-2011 Canterbury earthquakes. International Journal of Disaster Risk Reduction, 

14(Part 1), 6-14. doi:10.1016/j.ijdrr.2015.01.014 

QGIS Development Team. (2017). QGIS Geographic Information System. Open Source Geospatial 

Foundation Project. http://qgis.org.   

Quigley, M. C., Hughes, M. W., Bradley, B. A., van Ballegooy, S., Reid, C., Morgenroth, J., . . . 

Pettinga, J. R. (2016). The 2010ï2011 Canterbury Earthquake Sequence: Environmental 

effects, seismic triggering thresholds and geologic legacy. Tectonophysics, 672-673, 228-274. 

doi:10.1016/j.tecto.2016.01.044 

R Core Team. (2017). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. .   

Regenerate Christchurch. (2017). Outline for the ǽtǕkaro / Avon River Corridor Regeneration Plan. 

Christchurch: Regenerate Christchurch.   

Robinson, K., Hughes, M., Cubrinovski, M., Orense, R., & Taylor, M. (2012). Lateral spreading and 

its impacts in urban areas in the 2010-2011 Christchurch earthquakes. New Zealand Journal of 

Geology and Geophysics, 55(3), 255. doi:10.1080/00288306.2012.699895 

Rodríguez, J. F., Saco, P. M., Sandi, S., Saintilan, N., & Riccardi, G. (2017). Potential increase in 

coastal wetland vulnerability to sea-level rise suggested by considering hydrodynamic 

attenuation effects. Nature communications, 8(1), 16094-16094. doi:10.1038/ncomms16094 

Rogers, K., Kelleway, J. J., Saintilan, N., Megonigal, J. P., Adams, J. B., Holmquist, J. R., . . . 

Woodroffe, C. D. (2019). Wetland carbon storage controlled by millennial-scale variation in 

relative sea-level rise. Nature, 567(7746), 91-95. doi:10.1038/s41586-019-0951-7 

Roner, M., D'Alpaos, A., Ghinassi, M., Marani, M., Silvestri, S., Franceschinis, E., & Realdon, N. 

(2016). Spatial variation of salt-marsh organic and inorganic deposition and organic carbon 

accumulation: Inferences from the Venice lagoon, Italy. Advances in Water Resources, 93, 276-

287. doi:10.1016/j.advwatres.2015.11.011 

Rybczyk, J. M., & Cahoon, D. R. (2002). Estimating the Potential for Submergence for Two Wetlands 

in the Mississippi River Delta. Estuaries, 25(5), 985-998. doi:10.1007/BF02691346 

Saintilan, N., Rogers, K., Mazumder, D., & Woodroffe, C. (2013). Allochthonous and autochthonous 

contributions to carbon accumulation and carbon store in southeastern Australian coastal 

wetlands. Estuarine, Coastal and Shelf Science, 128, 84-92. doi:10.1016/j.ecss.2013.05.010 

Schuerch, M., Spencer, T., Temmerman, S., Kirwan, M. L., Wolff, C., Lincke, D., . . . Brown, S. 

(2018). Future response of global coastal wetlands to sea-level rise. Nature, 561(7722), 231-

234. doi:10.1038/s41586-018-0476-5 

Spencer, T., Schuerch, M., Nicholls, R. J., Hinkel, J., Lincke, D., Vafeidis, A. T., . . . Brown, S. 

(2016). Global coastal wetland change under sea-level rise and related stresses: The DIVA 

Wetland Change Model. Global and Planetary Change, 139, 15-30. 

doi:10.1016/j.gloplacha.2015.12.018 

Theuerkauf, E. J., Stephens, J. D., Ridge, J. T., Fodrie, F. J., & Rodriguez, A. B. (2015). Carbon 

export from fringing saltmarsh shoreline erosion overwhelms carbon storage across a critical 

width threshold. Estuarine, Coastal and Shelf Science, 164, 367-378. 

doi:10.1016/j.ecss.2015.08.001 

Voss, C. M., Christian, R. R., & Morris, J. T. (2013). Marsh macrophyte responses to inundation 

anticipate impacts of sea-level rise and indicate ongoing drowning of North Carolina marshes. 

Marine Biology, 160(1), 181-194. doi:10.1007/s00227-012-2076-5 



Risk factors for coastal habitat and blue carbon 

60 

Weston, N. B. (2014). Declining sediments and rising seas: An unfortunate convergence for tidal 

wetlands. Estuaries and Coasts, 37(1), 1-23. doi:10.1007/s12237-013-9654-8 

Woodley, K. (2012). Shorebirds of New Zealand: sharing the margins. Auckland, N.Z: Puffin. 

Woodroffe, C. D., Rogers, K., McKee, K. L., Lovelock, C. E., Mendelssohn, I. A., & Saintilan, N. 

(2016). Mangrove Sedimentation and Response to Relative Sea-Level Rise. Annual Review of 

Marine Science, 8(1), 243-266. doi:10.1146/annurev-marine-122414-034025 

Zeldis, J., Skilton, J., South, P., & Schiel, D. (2011). Effects of the Canterbury earthquakes on Avon-

Heathcote Estuary/Ihutai ecology. Environment Canterbury Report No. U11/14. Christchurch: 

Environment Canterbury. 27pp.  

Zeldis, J. R., Depree, C., Gongol, C., South, P. M., Marriner, A., & Schiel, D. R. (2019). Trophic 

Indicators of Ecological Resilience in a Tidal Lagoon Estuary Following Wastewater Diversion 

and Earthquake Disturbance. Estuaries and Coasts. doi:10.1007/s12237-019-00637-8 

 

 



Nature-based solutions for a peri-urban sandspit  

     61 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

Chapter 3 

Shane Orchard
 1,2

 

David R. Schiel
 2 

 

1
 Waterways Centre for Freshwater Management, University of Canterbury and Lincoln University 

2
 Marine Ecology Research Group, University of Canterbury 

 

Barrier sandspits are biodiverse natural features that regulate the development of lagoon 

systems and are popular areas for human settlement. Despite many studies on barrier island 

dynamics few have investigated the impacts of sea-level rise (SLR) on sandspits. In peri-

urban settings, we hypothesised that shoreline environment change would be strongly 

dependant on contemporary land-use decisions, with modern engineering capabilities 

marking a significant step-change from evolutionary dynamics of the past. We evaluated 

these factors in a case study from Christchurch, New Zealand, that presented a unique 

example of SLR caused by tectonic subsidence and included new opportunities for managed 

retreat created by government acquisition of affected properties. We identified plausible 

futures for the post-earthquake landscape using a novel scenario modelling approach 

considering both shorelines of the sandspit simultaneously for 0.25 m increments of SLR and 

with varying positions of coastal defences. The results identify challenges for dune 

conservation following a reversal of the current shoreline progradation trend. A third of the 

dune system is eliminated under a 1 m SLR in 100 year scenario, leading to increased 

exposure to natural hazards such as extreme storms and tsunami. Increasing demand for 

seawalls is a likely consequence unless natural alternatives can be progressed. In contrast, the 

managed retreat initiative on the backshore presents an opportunity to restart saltmarsh 

accretion processes seaward of coastal defences with the potential to reverse decades of 

degradation. Considering both shorelines simultaneously highlights the existence of pinch-

points from opposing forces that result in small land volumes above the tidal range. Societal 

adaptation is delicately poised between the paradigms of resisting or accommodating nature 

and challenged by the long perimeter and confined nature of the sandspit feature. We suggest 

Nature-based solutions for  climate change on a  

peri-urban sandspit 

Abstract 
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that the further use of innovative policy measures in disaster recovery contexts may offer a 

beneficial, though reactive, framework for progressing adaptation to climate change. 

 

Keywords 

Natural hazards, natural features, socio-ecological systems, shoreline management, climate 

change adaptation, sea-level rise. 

 

3.1 Introduction  

Aquatic margins are dynamic boundary environments that have become a global conservation 

priority in the face of widespread environmental change (Brown & McLachlan 2002; Strayer 

& Findlay 2010). Pressures have become critical in lowland and coastal regions due to a 

rising population and the intensification of human land-use (McGranahan et al. 2007; 

Neumann et al. 2015). Sandy beaches are an important subset of these considerations due to 

their worldwide distribution (Short 1999), and are typically of high value for local 

communities wherever they are found (Klein et al. 2004). Barrier sandspits represent a 

special case due to their narrow low-lying configuration and characteristic twin shorelines 

that are often approximately parallel (Otvos 2012). They play important roles in protecting 

mainland shorelines and structuring tidal inlets and lagoons (Lorenzo Trueba & Ashton 

2014). They also support many anthropogenic values, creating a difficult and unique 

challenge for environmental planning under conditions of sea-level rise (Fallon et al. 2017; 

Moore et al. 2010).  

 

Beach management is nuanced by highly diverse stakeholder perspectives (Martinez et al. 

2017). These are underpinned by the many benefits of beaches as natural coastal defences, 

key sites for recreation and tourism, and local amenities linked to property values (Parsons & 

Powell 2001; Schleupner 2008). Beaches are also ecosystems that may require protection 

from anthropogenic use (Brown & McLachlan 2002; Schlacher et al. 2008). Management 

difficulties often arise from trade-offs between historical and anticipated human uses and the 

underlying natural system in which they occur (Defeo et al. 2009; McLachlan et al. 2013). 

Despite these inter-dependencies, the prevailing management paradigm has become focused 

on engineering approaches that seek to control beach function and form (Schlacher et al. 

2007; Schlacher et al. 2008). Examples include the use of armouring to protect nearby built 

environments (Cooper & 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 trends (Nordstrom 2014). Although the latter may include the purposeful use of 

vegetation (Martinez et al. 2016), the conservation of natural features and habitats is often a 

minor consideration, which suggests a general lack of appreciation for beaches in their 

natural form (Defeo et al. 2009; Dugan et al. 2010; Peterson & Bishop 2005). 

 

The scientific literature is symptomatic of these trends with the research effort being skewed 

towards engineering and geomorphology (Jackson & Nordstrom 2019). A review by Nel et 

al. (2014) found that only 22% of sandy beach publications in the period 1950 - 2013 had a 

focus on anthropogenic impacts, conservation, or management. Furthermore, sandy beach 

ecosystems are poorly represented in the conservation ecology literature (Schoeman et al. 

2014), and often neglected in protected area networks (Schlacher et al. 2006). Contributing 

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 have distinctly 

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 

change (Harris et al. 2015; Schiel & Howard-Williams 2016). 

 

Nature-based solutions involve working with natural ecosystems to overcome societal 

challenges (Cohen-Shacham et al. 2019; Kabisch et al. 2016). Climate change presents new 

issues associated with sea-level rise, storm events and interactions with other variables 

(Harley et al. 2006). On erodable coasts the potential for shoreline retreat presents a 

considerable threat to many current values (Martinez et al. 2017). Conservation challenges 

include accommodating the landward migration of natural environments and their 

interactions with people (Feagin et al. 2010; Lentz et al. 2016; Nicholls & Cazenave 2010). 

Because effective measures for habitat and ecosystem conservation are already lacking 

(Hoekstra et al. 2005), there is an urgent need to address the plight of natural systems (Betts 

et al. 2009; Jennings & Harris 2017). The concept of ecosystem-based adaptation is a 

solution-oriented paradigm that provides a framing for proactive measures (Roberts et al. 

2012). It has been defined as ñadaptation that integrates ecosystem services and biodiversity 

into a strategy to limit the adverse impacts of climate changeò (UNEP 2010). In contrast to 

hard engineering it aims to maintain the properties and services of natural ecosystems and to 

incorporate natural defences in the design of hazard management projects (Colls et al. 2009; 
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Dudley et al. 2010; Spalding et al. 2014). Experience to date, however, suggests that 

implementation remains difficult (Wamsler 2015). Typical challenges include attracting buy-

in from current stakeholders and identifying solutions that avoid unnecessary trade-offs 

(Adams et al. 2016; Di Marco et al. 2016). 

 

In this study, we explore these issues in relation to shoreline conservation on a peri-urban 

sandspit with a focus on the prospects for ecosystem-based adaptation. Additional impetus 

for the investigation arose from a recent natural disaster involving major earthquakes and 

subsidence of the backshore, creating an immediate need for recovery (Chapters 1 and 2). 

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 Zealand (Fig. 3.1). These 

properties have since been demolished creating new land-use opportunities together with a 

raised awareness of natural hazards and climate change implications. This study was timed to 

inform the difficult decisions faced by affected communities. Our specific objectives were to 

a) investigate potential shoreline changes on both coasts simultaneously with incrementally 

rising sea levels from the current point in time, (b) identify the potential implications of status 

quo land-uses for conservation of the margins, and (c) evaluate the opportunities for 

ecosystem-based adaptation with an emphasis on integration with natural hazard management 

and the current disaster recovery context. 

 



Nature-based solutions for a peri-urban sandspit  

     65 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

 

Fig. 3.1 Location of the Avon Heathcote Estuary Ihutai, Christchurch beaches and barrier sandspit on the 

east coast of New Zealandôs South Island.  

 

 

3.2 Methods 

3.2.1 Study area 

The study area is the barrier sandspit of the Avon Heathcote Estuary Ihutai which enters the 

Pacific Ocean at the southern end of Pegasus Bay on the South Islandôs east coast (Fig. 3.1). 

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

mixed sand-gravel beaches further north in Pegasus Bay (Kirk 1979). Sediment sources are 

primarily the Waimakariri and Ashley Rivers (Blake 1968; Kirk 1979), and a small supply of 

fine sediments from the Avon-Heathcote Estuary catchment (Begg et al. 2015). The wave 

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

less frequent easterly and north-easterly long period swells and frequent locally-generated 

wind waves (Hart & Knight 2009). The predominant longshore current is north-south along 

the Christchurch beaches under the influence of a large eddy in the offshore Southland 
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current in the lee of Banks Peninsula together with locally generated swell from north-east 

wind patterns (Kirk 1979; Reynolds-Fleming & Fleming 2005). The semidiurnal tidal regime 

is typical of a micro-tidal lagoon-type 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 experienced a progradation trend despite a small rise in eustatic sea level 

(Tonkin & Taylor 2017). The dune system is dominated by introduced marram grass 

(Ammophila arenaria), iceplant (Carpobrotus edulis) and lupin (Lupinus arboreus) with 

small areas restoration planting to re-establish indigenous sand dune species such as spinifex 

(Spinifex sericeus) and pǭngao (Ficinia spiralis) (Bergin 2008; Orchard 2014). The current 

ecosystem is organised around a central marram-dominated foredune with variable front-

slope gradients, occasional secondary dunes, and crest elevations of up to 7 m above the 

reach of the tide (Fig. 3.2). The width of current system is constrained landward by 

residential and commercial areas along the full of the sandspit with the exception of a public 

reserve at the distal tip.  

 

Christchurch is New Zealandôs second largest city with a population exceeding 400, 000. It 

was struck by a series of large earthquakes (up to Mw 7.1) on previously unknown fault lines 

beginning in late 2010 and tapering off in 2012 (Beavan et al. 2012). Four earthquakes 

exceeded MW 6.0 over the Canterbury Earthquake Sequence (CES) with profound effects on 

the city and natural environment (Quigley 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; Potter et 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 hazards (Hughes et al. 2015; Orchard 2017a). Major environmental 

changes in the study area and nearby Avon Heathcote Estuary Ihutai included lateral spread 

and liquefaction (Robinson et al. 2012; Zeldis et al. 2011), tidal prism and salinity changes 

(Measures & Bind 2013; Orchard & Measures 2016), and new patterns of inundation 

(Chapter 1). Of particular relevance to this study, recovery planning has included the 

establishment of new legislation and the government acquisition of thousands of residential 

properties on the estuary shoreline and lower river floodplains (Regenerate Christchurch 

2019). An increasing awareness of coastal hazards has been supported by recent studies on 

climate change aspects (Orchard & Challies in press; Tonkin & Taylor 2017). 
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3.2.2 Climate change policy context 

Current climate change policy for New Zealand requires the avoidance of redevelopment or 

land-use change that would increase the risk of adverse effects in areas potentially affected by 

coastal hazards (Department of Conservation 2010). Hazard risk assessments are required for 

a minimum 100 year planning horizon along with responses that integrate across 

administrative boundaries and are inclusive of the built environment, public use and 

enjoyment values, and the fate of natural ecosystems and characteristic species (Orchard 

2011). Recent national guidance has suggested a risk tolerance approach structured by land-

use type as a basis for selecting sea levels for consideration in risk assessments (Bell et al. 

2017). This includes an accelerated warming scenario based on the K14 projection of Kopp et 

al. (2014) for the assessment of greenfield developments or to óstress testô the potential 

impacts of high-end sea-level rise rates on other land uses. Other scenarios recommended for 

testing are based on the representative concentration pathway (RCP) median projections 

following Church et al. (2013). Together, the recommended scenarios range from 0.32 ï 0.61 

m for 2070, and 0.55 ï 1.36 m for 2120 relative to an average mean sea level baseline for the 

period 1986ï2005 (Bell et al. 2017). 

 

3.2.3 Scenario modelling 

We used a GIS-based scenario modelling methodology to investigate potential impacts whilst 

simultaneously considering both open coast and estuarine shorelines. The scenario approach 

focuses on the conceptualisation of plausible futures which may lie outside the realm of past 

experience and yet are distinctly possible (Cuddington et al. 2013; March et al. 2012). 

Uncertainty is addressed through the exploration of alternative futures. This differs markedly 

from probabilistic approaches that attempt to directly incorporate uncertainties associated 

with a future event (Peterson et al. 2003). Each scenario was constructed using numerical 

simulations on 900 individual transects developed using the ambur package for shoreline 

change analysis in R (Jackson et al. 2012). Transects were cast perpendicular to a smoothed 

open coast shoreline at 10 m intervals and extrapolated to the estuarine shoreline (Fig. 3.2). 

Changes were assessed relative to a 2015-2016 baseline, and 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 environmental changes: 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 on full-width cross sections 

to consider their combined effects on the sandspit feature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.2 Linked scenario models. (a) the barrier sandspit at New Brighton showing ground elevations 

above Mean High Water Springs (MHWS). (b) pour-point scenario models representing inundation of 

hydrologically connected areas in 0.25 m sea-level rise increments relative to MHWS. (c) shore-

perpendicular transect array used to simulate open coast responses showing historical shoreline positions 

and a typical section of dunes near New Brighton village.  
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Open coast shoreline change 

Open coast scenarios were simulated using a combination of historical shoreline change 

extrapolation and a geometric beach response model. For the latter we used an adaptation of 

Bruunôs rule based on the conservation of beach volume (Bruun 1962), providing a first order 

approximation of the relationship between shoreline movement ȹy, to sea-level rise S, 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 berm crest elevation (Equation 1). 

 

ȹy = ƄȹS x W* / h + B (Equation 1) 

 

Alternatively, this relationship can be expressed as Equation (2) where tanɗ is the average 

slope across the active beach profile of width W* (Komar 1998; Scientific Committee on 

Ocean Research 1991).  

 

ȹy = ƄȹS / tanɗ (Equation 2) 

 

Beach profiles undergoing Bruunïtype behaviour are expected to equilibrate in response to 

sea-level rise following a process of sediment erosion from the upper beach and deposition 

into the lower portion of the profile such that the profile shape is maintained over time. Many 

authors have asserted that Bruunïtype behaviour is the exception rather than the rule due to 

the underlying assumptions being seldom met (Cooper & Pilkey 2004; Dean & Houston 

2016). For example, the rule assumes there are no other sediment exchanges with respect to 

the profile area and adjacent coastal compartments (Bruun 1983). To empirically account for 

the likelihood of sediment flux effects, we incorporated recent historical shoreline movement 

rates as used in similar studies (Anderson et al. 2015), and recent coastal hazards assessments 

in the study area (Tonkin & Taylor 2017). This provides a computationally efficient approach 

for addressing Bruun rule limitations, although a key assumption is the continuation of 

historical trends.  

 

Historic shoreline data were available from aerial photography compiled by the Canterbury 

Regional Council for five dates over 1941-2011 with shoreline positions digitised as 

polylines. An additional recent shoreline was digitised using recent imagery (LINZ 2016), to 

create a set of six shorelines spanning a 75 year period. Each shoreline represents the seaward 

limit of vegetation at the foredune toe which is a characteristic position visible in all of the 
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historical imagery. Shoreline positions and rates of change were calculated using the linear 

regression functions in ambur (Jackson et al. 2012).  

 

Additionally, we applied the conceptual model of Davidson-Arnott (2005) to better account 

for relationships between the beach and foredune which are prominent in this case. This 

proposes a similar relationship to the Bruun rule for shoreline response to sea-level rise but 

calculates the nearshore slope (tanɗ) for only the inundated portion of the active beach profile 

(h) and therefore independent of the dune height (B). With rising sea levels, sand eroded from 

the dune is available for both aeolian transport and exchange with the nearshore environment 

providing a plausible mechanism for landward migration of the foredune that is not explicitly 

accommodated within Bruun rule assumptions (Davidson-Arnott 2005). We adopted the 10 m 

depth contour as the lower limit of the active profile as is commonly used in other studies 

(Stive 2004) and used the 2016 shoreline position for the upper limit. Elevation of the latter 

was extracted from a 1 x 1 m DEM prepared from airborne light detection and ranging 

(LiDAR) data acquired October 2015 with a horizontal and vertical accuracy of ±1.00 and 

0.20 m, respectively. This represents the most recent of several LiDAR acquisitions made 

during the course of the CES (LINZ 2017). The mean elevation (3.12 ± 0.5 m SD) was used 

to calculate a tanɗ value of 0.01 which was applied to all simulations.  

 

Following the above approach, sea-level rise scenarios were generated in 0.25 m increments 

with sediment supply simulated as the continuation of historical accretion rates within periods 

of 25 years. An adjustment term was required to account for the rate of sea level change that 

occurred within the period of historical observations, which is estimated at 1.9 mm yr
-1

 based 

on Lyttelton tidal gauge measurements adjustments for vertical land motion (Hannah & Bell 

2012). Each resulting scenario represents a unique combination of sea level height and 

historical rate of change extrapolation within a defined period of time and for which the sea-

level rise increment can be compared for both the open and estuarine coast. In relation to sea-

level rise projections using RCP scenarios (Church et al. 2013), these represent plausible 

high-end scenarios over shorter time frames of < 50 years and RCP 8.5 median scenarios for 

100 years and beyond (Table 3.1).  
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Table 3.1 Specification of scenarios. 

(a) Sea-level rise scenarios and adjustment factors used for the estimation of beach responses on the open 

coast using a combination of the Bruun rule and historical trend extrapolation. SLR = sea-level rise. SLR 

increments are relative to baseline conditions in 2015. ȹS is the adjusted SLR increment incorporating the 

historical accretion trend.  RCP = representative concentration pathway calculations presented in recent 
New Zealand guidance (Bell et al. 2017). M = median. H

+
 = 83

rd
 percentile (Church et al. 2013). 

Time frame (years) 
SLR

Ϟ
 increments 

(m) 
Historical rate of 

change adjustment 
ɲ{ 

Comparable RCP 
scenarios

ϟ
 

25 0.25 0.05 0.20 RCP8.5 H
+
 

50 0.50 0.10 0.40 RCP8.5 H
+
 

75 0.75 0.14 0.61 RCP 8.5/8.5 H
+
 

100 1.00 0.19 0.81 RCP8.5 M 

125 1.25 0.24 1.01 RCP8.5 M 
 

 

(b) Orthographic heights of interest.  
 
 

Description Elevation
 Ϟ
 

(m) 
Data source 

Lower marsh limit 0.35 this study 

Mean High Water Springs (MHWS) 0.84 Land Information New Zealand (2019) 

Highest Astronomical Tide (HAT) 1.07 Land Information New Zealand (2019) 

Upper marsh limit 1.36 this study 
 

Ϟ
all heights are in New Zealand Vertical Datum 2016. 

 

 

Estuarine shoreline change 

Estuarine shoreline scenarios were developed using static inundation models based on 

extraction of hydrological connected areas from the 2015 DEM and applying the same SLR 

increments used on the open coast (Table 3.1). Here, the RCP analogies are less important for 

our purpose of simulating the temporal progression of change towards plausible endpoints 

with a focus on exploring alternatives to the current pattern of defences. These simulations 

also assume instantaneous inundation of all areas below the elevation of interest which 

overestimates inundation at the inland limit due to the effects of ground surface friction 

(Passeri et al. 2015). In this case friction effects are expected to have a limited influence on 

the local variation in inundation at high tidal levels due to the short flow path distances 

between riparian land and the estuary basin (Fig. 3.1). As other effects such as the estuarine 

channel alignment, wind and wave set-up, 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 considered four orthographic heights of interest in relation to tidal heights and coastal 

vegetation limits (Table 3.1b). Mean High Water Springs (MWHS) and Highest Astronomic 
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Tide (HAT) heights were identified from published figures for the current 18.6 year tidal 

cycle (2000-2018) at Port Lyttelton (LINZ 2018a).  Although HAT is defined by the full tidal 

cycle, MHWS is subject to yearly variations of up to 15 cm across the cycle and the current 

position is 11 cm above the mean (LINZ 2018b).  

 

To investigate effects on vegetation limits we developed a vegetation model representative of 

stable pre-earthquake conditions to circumvent problems with earthquake-induced ground 

level changes and lag effects in the pattern of vegetation responses (Chapter 2). We used a 5 

x 5 m DEM (horizontal and vertical accuracy ±0.55 and 0.15 m, respectively) based on 

LiDAR data acquired in 2003 (Canterbury Geotechnical Database 2014), and the results of a 

2008 vegetation survey that mapped all coastal wetlands in the estuary (Grove et al. 2012). 

Characteristic estuarine vegetation includes extensive areas of sea rush (Juncus kraussii), 

jointed wire rush / oioi (Apodasmia similis) and saltmarsh herbfield grading to saltmarsh 

grasslands and coastal riparian shrubland (Grove et al. 2012; Jones & Marsden 2007). Upper 

and lower vegetation limits were defined empirically using zonal statistics analysis of all 

mapped estuarine vegetation polygons (n = 347) and adoption of the 2.5
th
 and 97.5

th
 ground 

elevation percentiles. This recognises that isolated features such as channels and 

embankments may be present within the wetland dataset and may have been sampled in the 

raster analysis. We also reduced the effect of inaccuracies in the digitisation of vegetation 

unit boundaries by applying a 1m negative buffer to all polygons to reduce edge effects. All 

analyses were conducted in NZTM 2000: ESPG 2193 projection using QGIS v 2.18 (QGIS 

Development Team 2017). Statistical analyses were conducted in R v3.3.3 (R Core Team 

2017). 

 

3.3 Results 

3.3.1 Open coast shoreline 

Shoreline change rates over the 1941 ï 2016 period show a net accretion trend throughout the 

study area with a mean of 0.29 m yr
-1

, maximum of 0.71 m yr
-1

 and minimum of 0.003 m yr
-1

 

on individual transects (Fig. 3.3).  

 

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 0.17 ï 0.49 m across the study area 

(Table 3.3). Sea-level rise scenarios show a reversal of the historical accretion trend across 
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the study area as a whole, although 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 the study area (Table 3.3).  

 

 

 

Fig. 3.3 Shoreline rates of change over a 75 year period at New Brighton Beach in Christchurch calculated 

from a linear regression of six historical shoreline positions (1941 ï 2016) on 900 individual shore-

perpendicular transects with 90% confidence intervals (C.I.) shown. Positive values indicate accretion. 

 

 

 

 

Table 3.3 Summary of shoreline changes for over the historical period 1941-2016 within contiguous 1 km 

chainage units at New Brighton Beach in Christchurch together with two SLR scenarios that assume 

continuation of net sediment fluxes inherent in the historical accretion trend. Each calculation represents 

mean values from 100 shore-perpendicular transects. SLR = sea-level rise. 

Chainage 
unit 

Historical change 1941-2016 Example SLR scenarios 

Rate of change (m yr-1) Envelope of 
change 

(m) 

Shoreline change from 2016 (mean ± SD)Ϟ 

mean SD 50 year_SLR0.5 100 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 (± 11.5) 

3 0.14 0.04 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 32.1 -19.8 (± 4.6) -39.5 (± 9.2) 

9 0.49 0.05 43.4 -15.9 (± 2.7) -31.9 (± 5.4) 

All units 0.29 0.14 26.6 -26.2 (± 4.8) -52.4 (± 8.9) 

 

 Ϟ
 negative values indicate shoreline retreat 
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Under current (2016) conditions, accommodation space for the dune ecosystem varies 

considerably due to the position of fixed infrastructure (primarily roads and car parks) in 

relation to the beach. The shore-perpendicular accommodation space is between 0.6 and 141 

m with the low end being representative of a virtual lack of dunes where seawalls have been 

built opposite New Brighton village and at a small number of other access points. In addition, 

a contiguous stretch of more than 3 km (chainage ca. 1050 ï 4250) is characterised by a dune 

accommodation space of 60 m or less (Fig. 3.4). This becomes more significant in 

consideration of the space required to maintain the current foredune size and crest height 

which is in the vicinity of 6 ï 9 m above HAT along the majority of the coastline. Field 

measurements showed that this minimum space is in the order of 40 m from the 2016 

shoreline position (dune toe) as depicted by the orange line in Fig. 3.4. Under the 0.5 m sea-

level rise scenario this space reduces markedly to become less than the 40 m threshold over 

the entire above-mentioned gap. The 1.0 m SLR scenario is characterised by further loss of 

dunes in this section of the coastline. At 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). Other sections of the dune system approach the 40 m width threshold (e.g. 

chainage 5 ï 6000) and are also cause for concern.  
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Fig. 3.4 Modelled effects of two sea-level rise scenarios on position of the dune toe in relation to current fixed infrastructure (primarily roads) for a 9 km stretch of 

coastline. Dune toe positions landward of the 40 m line are associated with loss of the foredune. Negative values indicate the expected position in absence of 

shoreline armouring. 
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3.3.2 Estuarine shoreline 

The backshore inundation 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 (chainage 0 ï 3000) where the base of the 

sandspit is delineated by the current alignment of the lower Avon River / ǽtǕkaro (Fig. 3.1). 

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 considerable exposure to 

flooding (Fig. 3.5a) with a high percentage of current land areas being vulnerable to SLR 

unless actively defended (Fig. 3.5b). Currently, 27 ha of land occupies the elevation range 

between HAT and MHWS, which is significant since the position of existing defences is close 

to MHWS. 

 

Consequences of the CES included the expansion of riparian wetlands along the backshore 

from 4.2 to 11.1 ha under the influence of ground level subsidence. These changes were driven 

by a small number of remnant wetlands that were able to migrate to new positions located 

forward of the line of coastal defences (Chapter 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 (Fig. 3.5d). Alternatively, if the upper limit of wetlands was 

confined to HAT, the current extent is still only 17% of the available area. 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). In these higher SLR scenarios, water depths have 

begun to exceed the threshold for vegetation persistence forcing movement of the lower limit. 

Importantly, the physical position of this lower limit stays relatively static with SLR 

increments of < 0.75 m. This information 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 conditions of sea-level 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 of sea-level rise (SLR). (a) area of dry land above the elevation of hydrologically-connected 

inundation pathways at highest astronomic tide (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) position. (d) 

Changes in the elevation range suitable for coastal wetland vegetation in relation to sea-level rise. Each 

scenario assumes current topography and negligible water-slope effects that may arise from ground friction. 

Note different scales on Y axes in (d), and legend shared by (a) and (b). 

 

 

3.3.3 Twin coast effects 

The combined effects of sea-level rise acting on opposite shorelines are considered using the 

linked scenarios to simulate shoreline change with and without anthropogenic intervention. 

With a lack of intervention several pinch-points can be identified with implications for 

persistence of the landform. 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 

losses (chainage 3 ï 5500). South of chainage 7000 similar effects are severe with 

approximately two-thirds of the land area being vulnerable without backshore defences (Fig. 

3.5). With a 1m SLR these risks are exacerbated in some areas (e.g. between chainage 2 ï 4000 

and 5 ï 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 Cross-section scenarios for the barrier-forming sandspit at the Avon Heathcote Estuary Ihutai, 

Christchurch under sea-level rise. Potential changes are simulated for both shorelines concurrently on 900 

transects at 10 m spacing and reflect the distance between the highest astronomic tide (HAT) elevation on 

the estuarine backshore and position of the dune toe on the open ocean beach. 

 

 

3.4 Discussion 

3.4.1 Sea-level rise on a sandspit 

Barrier translation studies have shown that there is no single universal model that accounts for 

their historical behaviour and similarly, that could reliably predict change under future sea-

level rise. However, it is clear that landward translation can only result from sediment 

deposition in the backshore (Lorenzo Trueba & Ashton 2014). There are essentially four 

mechanisms by which this may occur under conditions of sea-level rise: barrier rollover via 

overwash, sediment injection via inlet formation, aeolian dune transgression and backshore 

accretion from suspended sediments (Heward 1981). Sedimentary records have also shown that 

barrier translation within human timeframes (< 100 years) may not naturally occur. For 

example, Leatherman (1983) reported cases where both coasts of a barrier have been 

submerging over > 1000 years, implying a progressive narrowing of the landform. Despite this, 

modern-day engineering capabilities convey a strong potential for anthropogenic influence that 

marks a step-change for the consideration of future changes in relation to the past. 
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3.4.2 Socio-ecological aspects 

A review of barrier translation mechanisms is illustrative of the potential effects of people on a 

peri-urban sandspit. Since defence against overwash from large storms and tsunami is desirable 

for hazard management (Kron 2013), this is an unlikely mechanism for nourishment of the 

backshore. Anthropogenic interventions will strive to prevent its occurrence over at least the 

short to medium term. Similarly, new inlet creation is unlikely to be accommodated within the 

current development pattern, which in this case features a near-continuous strip of beachfront 

residential property as is common elsewhere (Cooper & 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 modelling 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 now incompatible 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 from the backdune 

(Fig. 3.7a). This had a damaging effect on residential 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 a sediment transport pathway 

towards the opposite shore that was curtailed by dune regrading, it also illustrates tensions 

between natural processes and the built environment. The only realistic transgression 

mechanisms involve the creation of dune migration pathways where the system is permitted to 

move inland towards the estuarine shore. This is very unlikely to achieve social acceptability 

though in theory could be facilitated at narrow pinch-points if combined with partial retreat 

strategies as a response to climate change. 

 

In contrast to the above three mechanisms, there are fewer impediments to the encouragement 

of backshore accretion from suspended sediment sources. The socio-ecological context 

suggests that the goal of saltmarsh conservation could be readily supported provided that 

inundation hazard concerns are simultaneously addressed. Several contributing aspects suggest 

that the disaster recovery setting offers new opportunities for building climate change 

resilience. Firstly, despite the historical protection of saltmarsh ecosystems under statute, 

actual development patterns have had deleterious effects. This is evidenced by the fragmented 



Nature-based solutions for a peri-urban sandspit 

80 

pre-earthquake distribution of wetlands associated with extensive shoreline armouring and 

associated vegetation gaps (Fig. 3.7b). In response to subsidence some sites have retained 

intact saltmarsh ecosystems seaward of built defences (Fig. 3.7c), whereas elimination 

occurred at others contributing to gaps and erosion (Fig. 3.7d).  

 

 
 

Fig. 3.7 Displacement of natural sandspit 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 experienced subsidence. (d) a nearby site where 

vegetation has not recovered indicating the exceedance of a local tipping point (photograph taken November 

2019). 

 

Second, and perhaps most importantly, the advent of earthquake-induced subsidence and 

government-led managed retreat may enable saltmarsh accretion processes to be re-started. The 

relaxation of oversteepened shore profiles associated with current defences provides an 

opportunity to move towards natural defences that encourage vegetation-mediated sediment 

sequestration. These can help maintain the current landform and potentially assist longer term 
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barrier transgression (Kirwan et al. 2010; McKee et al. 2007). This differs from the strategy of 

reactivating floodplains behind existing defences as it creates the potential for marsh expansion 

seaward of their current positions and could potentially help prevent the break-up of recently 

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

 

3.4.3 Challenges for dune conservation 

Despite the opportunities for ecosystem-based 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 area is in need of urgent attention. Risk reduction is required since 

the implications of dune loss include lower levels of coastal hazard protection. We highlight 

two aspects of risk management that are relevant to the design of adaptation pathways. First, 

the principle of risk accrual in both built and natural environments is exemplified by the coastal 

squeeze situation. Failure to address risk in its totality is likely to result in losses in the 

neglected dimension and has historically lead to beach and dune degradation due to trade-offs 

with other desirable land uses (Berry et al. 2013). Second, adaptation pathways must be attuned 

to, and specifically geared for, natural hazards and disaster recovery activities since deleterious 

effects are likely to be manifested in stochastic events (Cowell et al. 2006). These non-linear 

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

the occurrence of extreme events.  

 

Specific challenges for dune conservation include the level of commitment to dune restoration 

following storm events in which foredunes become narrowed or lowered. Under natural 

conditions, landward transgression of the foredune is expected to occur via sand movement 

through low points following erosion events and a generally high capacity for self-recovery 

(Martinez et al. 2016). However the minimum space principle illustrated here indicates a 

threshold beyond which these processes become incompatible with current land-uses. 

Decisions made before impacts become critical are important to enabling a full consideration 

of potential solutions. Useful approaches may include retaining narrow sections of dune system 

to help maintain height and prevent sand loss from the backdune (Fig. 3.7a). Dune plant 

restoration can also be practiced forward of engineered defences, including after periodic 

erosion though with the expectation of diminishing returns on investment with rising sea levels 

(Orchard 2014).  
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Realistically, however, there are only two plausible pathways for saving dunes and their 

associated beaches under progressive sea-level rise, assuming the absence of any natural 

increase in sediment supply. These are anthropogenic nourishment and assisted dune 

migration. Despite the apparent synergy between dune conservation and coastal hazard 

protection, the long term prospects for dune persistence appear to hinge on the commitment to 

one of these approaches (Cooper & Pilkey 2012). In the present case, neither option has been 

contemplated in the discourse to date, suggesting that the current adaptation pathway is aligned 

with reliance on seawalls. Although, the natural sediment nourishment rate might accelerate in 

event of greater expulsion from nearby rivers, the reverse trend is also possible (Hicks 1993). 

Therefore, while the monitoring of accretion rates will remain important, it is essential to 

progress active strategies for climate change adaptation. Failure to do so is likely to limit the 

opportunities for incorporating nature-based solutions. Taking early action on sea-level rise 

affords the best chance of devising adaptation strategies that are effective across a range of 

values and are workable for the communities involved. 

 

3.4.4 Limitations of scenario models 

Although scenario models are useful tools it is important to emphasise that each scenario 

provides a representation of potential outcomes in consideration of a limited number of 

parameters that simulate a complex trajectory of changes (Yohe et al. 1999). Time varying 

aspects are implicitly incorporated though not directly simulated in their entirety. For example, 

inundation scenarios on the backshore reflect a lack of defences which is unikely. Instead, 

various configurations of defences are expected and the scenarios provide a touchstone to 

inform potential strategies. On the open coast shoreline, historical accretion rates are directly 

accounted for in the projected scenarios. However, since their future trajectory is also 

unknown, these simulations are also óplausible futuresô designed to assist decision-making. 

 

3.4.5 Concluding remarks 

This scenario-based assessment identifies major challenges for the protection of beach and 

backshore environments in peri-urban settings. The overriding conclusion is that these features 

are likely to become degraded over time unless society can effectively integrate conservation 

and natural hazard management in a changing climate. The perspective that some conservation 

objectives are better pursued elsewhere is valid though implies accepting the loss of natural 

assets such as local beaches (Schlacher et al. 2007). Since 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, and is recommended.  

 

The conservation of peri-urban beaches and dunes presents a difficult situation due to the high 

intensity of existing land-uses and need for additional space (Berry et al. 2013). Although 

beach nourishment is a relatively common practice for similar situations worldwide 

(Nordstrom 2005) its adverse effects can also be substantial (Peterson & Bishop 2005). One of 

the best prospects in the present study lies on the estuarine shoreline where government land 

acquisition creates an opportunity to work with nature to reverse 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 of shoreline defences to achieve a 

more natural solution.  

 

In absence of a major open coast erosion event, the long-term viability of defending the 

backshore may prove to be a tipping point for perspectives on adaptation and resilience. Here, 

the temporal progression aspects of the scenario analyses can provide useful insights. They 

highlight the efficacy of maintaining a perimeter defence on a long narrow landform, as well as 

the concurrent challenge of draining ponding areas behind the line of such defences. The 

potential effect of groundwater connections on riparian water tables may also be considerable 

(Smith et al. 2016), creating a further consideration for the design of hydrological defences. 

These aspects also suggest that natural barrier translation processes are likely be required in the 

longer term to prevent eventual submergence. On both affected shorelines, naturally occurring 

ecosystems have the potential to modulate the effects of sea-level rise due to their influence on 

sediment budgets and sequestration. Although locally preferred approaches are likely to 

include a degree of additional fortification, consideration should be given to the role of nature-

based solutions, especially over longer timeframes. 

 

3.5 Acknowledgements 

We thank Rodney Chambers, Jason Roberts, Pieter Borcherds, Justin Cope, Bruce Gabites, 

Philip Grove and Mark Parker. LiDAR datasets were provided by the Canterbury Regional 

Council and Christchurch City Council. This work was funded by the NgǕi Tahu Research 

Centre, University of Canterbury. Dune conservation research was supported by the Coastal 

Restoration Trust of New Zealand.  



Nature-based solutions for a peri-urban sandspit 

84 

 

3.6 References 

Adams, V. M., Pressey, R. L., & Álvarez-Romero, J. G. (2016). Using optimal land-use scenarios to 

assess trade-offs between conservation, development, and social values. PloS One, 11(6), 

e0158350. doi:10.1371/journal.pone.0158350 

Anderson, T. R., Fletcher, C. H., Barbee, M. M., Frazer, L. N., & Romine, B. M. (2015). Doubling of 

coastal erosion under rising sea level by mid-century in Hawaii. Natural Hazards, 78(1), 75-103. 

doi:10.1007/s11069-015-1698-6 

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R. (2011). The 

value of estuarine and coastal ecosystem services. Ecological Monographs, 81(2), 169-193. 

doi:10.1890/10-1510.1 

Beavan, J., Motagh, M., Fielding, E. J., Donnelly, N., & Collett, D. (2012). Fault slip models of the 

2010-2011 Canterbury, New Zealand, earthquakes from geodetic data and observations of 

postseismic ground deformation. New Zealand Journal of Geology and Geophysics, 55(3), 207-

221. doi:10.1080/00288306.2012.697472 

Begg, J. G., Jones, K. E., & Barrell, D. J. A. (2015). Geology and geomorphology of urban 

Christchurch and eastern Canterbury. GNS Science Geological Map 3. Lower Hutt: GNS 

Science. 101pp.  

Bell, R., Lawrence, J., Allan, S., Blackett, P., & Stephens, S. (2017). Coastal hazards and climate 

change: Guidance for local government. Wellington: Ministry for the Environment. 279 pp.  

Bergin, D. O. (2008). Establishment of the indigenous sand binder Spinifex (Spinifex sericeus) along 

the sand dunes of Christchurch. Environmental Restoration Ltd Contract Report ERL08/03 

prepared for the Dune Restoration Trust of New Zealand.   

Berry, A., Fahey, S., & Meyers, N. (2013). Changing of the guard: Adaptation options that maintain 

ecologically resilient sandy beach ecosystems. Journal of Coastal Research, 29(4), 899-908. 

doi:10.2112/JCOASTRES-D-12-00150.1 

Betts, R., Lowe, J., Liddicoat, S., & Jones, C. (2009). Committed terrestrial ecosystem changes due to 

climate change. Nature Geoscience, 2(7), 484-487. doi:10.1038/ngeo555 

Blake, G. J. (1968). The rivers and the foreshore sediment of Pegasus Bay, South Island, New Zealand. 

New Zealand Journal of Geology and Geophysics, 11(1), 225-235. 

doi:10.1080/00288306.1968.10423687 

Bradley, B. A., Quigley, M. C., Van Dissen, R. J., & Litchfield, N. J. (2014). Ground motion and 

seismic source aspects of the Canterbury Earthquake Sequence. Earthquake Spectra, 30(1), 1-15. 

doi:10.1193/030113EQS060M 

Brown, A. C., & McLachlan, A. (2002). Sandy shore ecosystems and the threats facing them: some 

predictions for the year 2025. Environmental Conservation, 29(1), 62-77. 

doi:10.1017/S037689290200005X 

Bruun, P. (1962). Sea-level rise as a cause of shore erosion. Proceedings of the American Society of 

Civil Engineers. Journal of the Waterways and Harbors Division, 88, 117-130.  

Bruun, P. (1983). Review of conditions for uses of the Bruun rule of erosion. Coastal Engineering, 

7(1), 77-89. doi:10.1016/0378-3839(83)90028-5 

Canterbury Geotechnical Database. (2014). Verification of LiDAR acquired before and after the 

Canterbury Earthquake Sequence. CGD Technical Specification 03 April 2014. Christchurch: 

Canterbury Geotechnical Database. 52pp.  

Church, J. A., Clark, P. U., Cazenave, A., Gregory, J. M., Jevrejeva, S., Levermann, A., . . . 

Unnikrishnan, A. S. (2013). Sea Level Change. In: Climate Change 2013: The Physical Science 



Nature-based solutions for a peri-urban sandspit  

     85 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

Basis. Contribution of Working Group to the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 

Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA.  

Cohen-Shacham, E., Andrade, A., Dalton, J., Dudley, N., Jones, M., Kumar, C., . . . Walters, G. (2019). 

Core principles for successfully implementing and upscaling Nature-based Solutions. 

Environmental Science and Policy, 98, 20-29. doi:10.1016/j.envsci.2019.04.014 

Colls, A., Ash, N., & Ikkala, N. (2009). Ecosystem-based Adaptation: a natural response to climate 

change. Gland, Switzerland: IUCN. 16pp.  

Cooper, J. A. G., & Pilkey, O. H. (2004). Sea-level rise and shoreline retreat: time to abandon the Bruun 

Rule. Global and Planetary Change, 43(3), 157-171. doi:10.1016/j.gloplacha.2004.07.001 

Cooper, J. A. G., & Pilkey, O. H. (2012). Pitfalls of shoreline stabilization: selected case studies (Vol. 

3;3.;). Dordrecht;New York;: Springer. 

Cowell, P. J., Thom, B. G., Jones, R. A., Everts, C. H., & Simanovic, D. (2006). Management of 

uncertainty in predicting climate-change impacts on beaches. Journal of Coastal Research, 22(1), 

232-245. doi:10.2112/05A-0018.1 

Cuddington, K., Fortin, M. J., Gerber, L. R., Hastings, A., Liebhold, A., O'Connor, M., & Ray, C. 

(2013). Process-based models are required to manage ecological systems in a changing world. 

Ecosphere, 4(2), art20. doi:10.1890/ES12-00178.1 

Davidson-Arnott, R. G. D. (2005). Conceptual model of the effects of sea-level rise on sandy coasts. 

Journal of Coastal Research, 21(6), 1166-1172. doi:10.2112/03-0051.1 

Dean, R. G., & Houston, J. R. (2016). Determining shoreline response to sea-level rise. Coastal 

Engineering, 114, 1-8. doi:10.1016/j.coastaleng.2016.03.009 

Defeo, O., McLachlan, A., Schoeman, D. S., Schlacher, T. A., Dugan, J., Jones, A., . . . Scapini, F. 

(2009). Threats to sandy beach ecosystems: A review. Estuarine, Coastal and Shelf Science, 

81(1), 1-12. doi:10.1016/j.ecss.2008.09.022 

Department of Conservation. (2010). New Zealand Coastal Policy Statement 2010. Wellington: 

Department of Conservation. 

Di Marco, M., Butchart, S. H. M., Visconti, P., Buchanan, G. M., Ficetola, G. F., & Rondinini, C. 

(2016). Synergies and trade offs in achieving global biodiversity targets. Conservation Biology, 

30(1), 189-195. doi:10.1111/cobi.12559 

Dudley, N., Stolton, S., Belokurov, A. K., L., Lopoukhine, N., MacKinnon, K., Sandwith, T., & 

Sekhran, N. e. (2010). Natural Solutions: Protected areas helping people cope with climate 

change. Gland, Switzerland; Washington DC; New York, USA: IUCN-WCPA, TNC, UNDP, 

WCS, The World Bank and WWF.  

Dugan, J. E., Defeo, O., Jaramillo, E., Jones, A. R., Lastra, M., Nel, R., . . . Schoeman, D. S. (2010). 

Give beach ecosystems their day in the sun. Science, 329(5996), 1146-1146. 

doi:10.1126/science.329.5996.1146-a 

Fallon, A. R., Hoagland, P., Jin, D., Phalen, W., Fitzsimons, G. G., & Hein, C. J. (2017). Adapting 

without retreating: Responses to shoreline change on an inlet-associated coastal beach. Coastal 

Management, 45(5), 360-383. doi:10.1080/08920753.2017.1345607 

Feagin, R. A., Martinez, M. L., Mendoza-Gonzalez, G., & Costanza, R. (2010). Salt marsh zonal 

migration and ecosystem service change in response to global sea-level rise: A case ctudy from 

an urban region. Ecology and Society, 15(4), 159.  

Grove, P., Pompei, M., & Parker, M. (2012). Coastal wetland vegetation in Canterbury, 2004ï2011. 

Report No. R12/24. . Christchurch: Environment Canterbury. 57pp.  



Nature-based solutions for a peri-urban sandspit 

86 

Hannah, J., & Bell, R. G. (2012). Regional sea level trends in New Zealand. Journal of Geophysical 

Research: Oceans, 117(C1). doi:doi:10.1029/2011JC007591 

Harley, C. D. G., Randall Hughes, A., Hultgren, K. M., Miner, B. G., Sorte, C. J. B., Thornber, C. S., . . 

. Williams, S. L. (2006). The impacts of climate change in coastal marine systems. Ecology 

Letters, 9(2), 228-241. doi:10.1111/j.1461-0248.2005.00871.x 

Harris, L., Nel, R., Holness, S., & Schoeman, D. (2015). Quantifying cumulative threats to sandy beach 

ecosystems: A tool to guide ecosystem-based management beyond coastal reserves. Ocean & 

Coastal Management, 110, 12-24. doi:10.1016/j.ocecoaman.2015.03.003 

Hart, D. E., & Knight, G. A. (2009). Geographic information system assessment of tsunami 

vulnerability on a dune coast. Journal of Coastal Research, 25(1), 131-141. doi:10.2112/07-

0960.1 

Heward, A. P. (1981). A review of wave-dominated clastic shoreline deposits. Earth Science Reviews, 

17(3), 223-276. doi:10.1016/0012-8252(81)90022-2 

Hicks, D. M. (1993). Modelling long term change of the Pegasus Bay shoreline. Report prepared for 

Canterbury Regional Council. Chrsitchurch: NIWA. 22pp.  

Hoekstra, J. M., Boucher, T. M., Ricketts, T. H., & Roberts, C. (2005). Confronting a biome crisis: 

global disparities of habitat loss and protection. Ecology Letters, 8(1), 23. doi:10.1111/j.1461-

0248.2004.00686.x 

Hughes, M. W., Quigley, M. C., van Ballegooy, S., Deam, B. L., Bradley, B. A., Hart, D. E., & 

Measures, R. (2015). The sinking city: earthquakes increase flood hazard in Christchurch, New 

Zealand. GSA Today, 25(3-4), 4-10.  

Jackson, C. W., Alexander, C. R., & Bush, D. M. (2012). Application of the AMBUR R package for 

spatio-temporal analysis of shoreline change: Jekyll Island, Georgia, USA. Computers and 

Geosciences, 41, 199-207. doi:10.1016/j.cageo.2011.08.009 

Jackson, N. L., & Nordstrom, K. F. (2019). Trends in research on beaches and dunes on sandy shores, 

1969ï2019. Geomorphology. doi:10.1016/j.geomorph.2019.04.009 

Jennings, M. D., & Harris, G. M. (2017). Climate change and ecosystem composition across large 

landscapes. Landscape Ecology, 32(1), 195-207. doi:10.1007/s10980-016-0435-1 

Jones, M. B., & Marsden, I. D. (2007). Life in the Estuary: Illustrated guide and ecology. Christchurch: 

Canterbury University Press. 179pp.   

Jupp, K. L., Partridge, T. R., Hart, D. E., & Marsden, I. D. (2007). Ecology of the Avon-Heathcote 

Estuary: Comparative Salt Marsh Survey 2006-2007. Report prepared for the Avon-Heathcote 

Estuary Ihutai Trust. Estuarine Research Report 34. University of Canterbury. 77 pp.  

Kabisch, N., Frantzeskaki, N., Pauleit, S., Naumann, S., Davis, M., Artmann, M., . . . Bonn, A. (2016). 

Nature-based solutions to climate change mitigation and adaptation in urban areas: perspectives 

on indicators, knowledge gaps, barriers, and opportunities for action. Ecology and Society, 21(2), 

39. doi:10.5751/ES-08373-210239 

Kaiser, A., Holden, C., Beavan, J., Beetham, D., Benites, R., Celentano, A., . . . Zhao, J. (2012). The 

Mw 6.2 Christchurch earthquake of February 2011: preliminary report. New Zealand Journal of 

Geology and Geophysics, 55(1), 67. doi:10.1080/00288306.2011.641182 

Kirk, R. M. (1979). Dynamics and management of sand beaches in southern Pegasus Bay. Morris and 

Wilson Consulting Engineers Limited, Christchurch.   

Kirwan, M. L., Guntenspergen, G. R., D'Alpaos, A., Morris, J. T., Mudd, S. M., & Temmerman, S. 

(2010). Limits on the adaptability of coastal marshes to rising sea level: Ecogeomorphic limits to 

wetland survival. Geophysical Research Letters, 37, L23401. doi:10.1029/2010GL045489 

Klein, Y. L., Osleeb, J. P., & Viola, M. R. (2004). Tourism-Generated Earnings in the Coastal Zone: A 

Regional Analysis. Journal of Coastal Research, 20(4), 1080-1088. doi:10.2112/003-0018.1 



Nature-based solutions for a peri-urban sandspit  

     87 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

Komar, P. D. (1998). Beach processes and sedimentation, 2nd edn. Upper Saddle River: Prentice-Hall. 

Kopp, R. E., Horton, R. M., Little, C. M., Mitrovica, J. X., Oppenheimer, M., Rasmussen, D. J., . . . 

Tebaldi, C. (2014). Probabilistic 21st and 22nd century sea level projections at a global network 

of tide gauge sites. Earth's Future, 2(8), 383-406. doi:10.1002/2014EF000239 

Kron, W. (2013). Coasts: the high-risk areas of the world. Natural Hazards, 66(3), 1363-1382. 

doi:10.1007/s11069-012-0215-4 

Land Information New Zealand. (2016). Christchurch 0.075m Urban Aerial Photos (2015-16). 

Accessed October 3, 2016 from 6993 GeoTIFF sources in NZGD2000 / New Zealand Transverse 

Mercator 2000.   

Land Information New Zealand. (2019). Tidal Level Information for Surveyors. Updated 18 June 2019. 

Accessed 2 October 2019 from https://www.linz.govt.nz/data/geodetic-system/datums-

projections-and-heights.  

Leatherman, S. P. (1983). Barrier dynamics and landward migration with Holocene sea-level rise. 

Nature, 301(5899), 415-417. doi:10.1038/301415a0 

Lentz, E. E., Thieler, E. R., Plant, N. G., Stippa, S. R., Horton, R. M., & Gesch, D. B. (2016). 

Evaluation of dynamic coastal response to sea-level rise modifies inundation likelihood. Nature 

Climate Change, 6(7), 696-700. doi:10.1038/nclimate2957 

LINZ. (2017). Canterbury - Christchurch and Selwyn LiDAR 1m DEM (2015). Accessed 3 March 2019 

from https://data.linz.govt.nz/layer/53587-canterbury-christchurch-and-selwyn-lidar-1m-dem-

2015/.  

LINZ. (2018a). Local mean sea level datums.  Updated 22 March 2018. Accessed 4 April 2019 from 

http://www.linz.govt.nz/data/geodetic-system/datums-projections-and-heights/.  

LINZ. (2018b). New Zealand Nautical Almanac, 2018/2019 edition, NZ 204. Wellington: Land 

Information New Zealand. 271pp.   

Lorenzo Trueba, J., & Ashton, A. D. (2014). Rollover, drowning, and discontinuous retreat: Distinct 

modes of barrier response to sea level rise arising from a simple morphodynamic model. Journal 

of Geophysical Research: Earth Surface, 119(4), 779-801. doi:10.1002/2013JF002941 

March, H., Therond, O., & Leenhardt, D. (2012). Water futures: Reviewing water-scenario analyses 

through an original interpretative framework. Ecological Economics, 82, 126. 

doi:10.1016/j.ecolecon.2012.07.006 

Martinez, M. L., Mendoza-Gonzalez, G., Silva-Casarin, R., & Mendoza-Baldwin, E. (2014). Land use 

changes and sea-level rise may induce a "coastal squeeze" on the coasts of Veracruz, Mexico. 

Global Environmental Change, 29, 180. doi:10.1016/j.gloenvcha.2014.09.009 

Martinez, M. L., Silva, R., Mendoza, E., Odériz, I., & Pérez-Maqueo, O. (2016). Coastal dunes and 

plants: An ecosystem-based alternative to reduce dune face erosion. Journal of Coastal Research, 

75(sp1), 303-307. doi:10.2112/SI75-061.1 

Martinez, M. L., Taramelli, A., & Silva, R. (2017). Resistance and resilience: Facing the 

multidimensional challenges in coastal areas. Journal of Coastal Research, 77(77), 1-6. 

doi:10.2112/SI77-001.1 

McGranahan, G., Balk, D., & Anderson, B. (2007). The rising tide: assessing the risks of climate 

change and human settlements in low elevation coastal zones. Environment & Urbanization, 

19(1), 17-37. doi:10.1177/0956247807076960 

McKee, K. L., Cahoon, D. R., & Feller, I. C. (2007). Caribbean mangroves adjust to rising sea level 

through biotic controls on change in soil elevation. Global Ecology and Biogeography, 16(5), 

545-556. doi:10.1111/j.1466-8238.2007.00317.x 

https://www.linz.govt.nz/data/geodetic-system/datums-projections-and-heights
https://www.linz.govt.nz/data/geodetic-system/datums-projections-and-heights
https://data.linz.govt.nz/layer/53587-canterbury-christchurch-and-selwyn-lidar-1m-dem-2015/
https://data.linz.govt.nz/layer/53587-canterbury-christchurch-and-selwyn-lidar-1m-dem-2015/
http://www.linz.govt.nz/data/geodetic-system/datums-projections-and-heights/


Nature-based solutions for a peri-urban sandspit 

88 

McLachlan, A., Defeo, O., Jaramillo, E., & Short, A. D. (2013). Sandy beach conservation and 

recreation: Guidelines for optimising management strategies for multi-purpose use. Ocean and 

Coastal Management, 71, 256-268. doi:10.1016/j.ocecoaman.2012.10.005 

Measures, R., & Bind, J. (2013). Hydrodynamic model of the Avon Heathcote Estuary: Model build and 

calibration, NIWA Client Report CHC2013-116. Christchurch: NIWA. 29pp.   

Moore, L. J., List, J. H., Williams, S. J., & Stolper, D. (2010). Complexities in barrier island response to 

sea-level rise: Insights from numerical model experiments, North Carolina Outer Banks. Journal 

of Geophysical Research: Earth Surface, 115(F3), n/a-n/a. doi:10.1029/2009JF001299 

Nel, R., Campbell, E. E., Harris, L., Hauser, L., Schoeman, D. S., McLachlan, A., . . . Schlacher, T. A. 

(2014). The status of sandy beach science: Past trends, progress, and possible futures. Estuarine, 

Coastal and Shelf Science, 150, 1-10. doi:10.1016/j.ecss.2014.07.016 

Nicholls, R. J., & Cazenave, A. (2010). Sea-level rise and its impact on coastal zones. Science, 

328(5985), 1517-1520. doi:10.1126/science.1185782 

Nordstrom, K. F. (2005). Beach nourishment and coastal habitats: Research needs to improve 

compatibility. Restoration Ecology, 13(1), 215-222. doi:10.1111/j.1526-100X.2005.00026.x 

Nordstrom, K. F. (2014). Living with shore protection structures: A review. Estuarine, Coastal and 

Shelf Science, 150, 11-23. doi:10.1016/j.ecss.2013.11.003 

Orchard, S. (2011). Implications of the New Zealand Coastal Policy Statement for New Zealand 

communities. Report prepared for Environment and Conservation Organisations of New Zealand, 

Wellington. 46pp.  

Orchard, S. (2014). Potential roles for coastal protected areas in disaster risk reduction and climate 

change adaptation: a case study of dune management in Christchurch, New Zealand. In R. Murti 

& C. Buyck (Eds.), Safe Havens: Protected Areas for Disaster Risk Reduction and Climate 

Change Adaptation. Gland, Switzerland: Internation Union for the Conservation of Nature. pp 

83-93. 

Orchard, S. (2017). Floodplain restoration principles for the Avon-ǽtǕkaro Red Zone. Case studies and 

recommendations. Report prepared for Avon ǽtǕkaro Network, Christchurch, N.Z. 40pp.   

Orchard, S., & Challies, E. (in press). Managing peri-urban floodplains and urban-rural connectivity: A 

case study in ecosystems governance following a disaster event. In L. Vasseur (Ed.), Ecosystem 

Governance: Urban & Rural Linkages: Gland, Switzerland: IUCN. 

Orchard, S., & Measures, R. (2016). Development of a fine-scale salinity model for the Avon Heathcote 

Estuary Ihutai. . Report prepared for Brian Mason Scientific & Technical Trust. Christchurch: 

University of Canterbury & NIWA. 22pp.  

Otvos, E. G. (2012). Coastal barriers ð Nomenclature, processes, and classification issues. 

Geomorphology, 139, 39-52. doi:10.1016/j.geomorph.2011.10.037 

Parsons, G. P., & Powell, M. (2001). Measuring the cost of beach retreat. Coastal Management, 29(2), 

91-103. doi:10.1080/089207501750069597 

Passeri, D. L., Hagen, S. C., Medeiros, S. C., Bilskie, M. V., Alizad, K., & Wang, D. (2015). The 

dynamic effects of sea-level rise on low gradient coastal landscapes: A review. Earth's Future, 

3(6), 159-181. doi:10.1002/2015EF000298 

Peterson, C. H., & Bishop, M. J. (2005). Assessing the environmental impacts of beach nourishment. 

Bioscience, 55(10), 887-896. doi:10.1641/0006-3568(2005)055[0887:ATEIOB]2.0.CO;2 

Peterson, G. D., Cumming, G. S., & Carpenter, S. R. (2003). Scenario planning: A tool for conservation 

in an uncertain world. Conservation Biology, 17(2), 358-366. doi:10.1046/j.1523-

1739.2003.01491.x 



Nature-based solutions for a peri-urban sandspit  

     89 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
an

 2
0
1
4 

Potter, S. H., Becker, J. S., Johnston, D. M., & Rossiter, K. P. (2015). An overview of the impacts of 

the 2010-2011 Canterbury earthquakes. International Journal of Disaster Risk Reduction, 14(Part 

1), 6-14. doi:10.1016/j.ijdrr.2015.01.014 

QGIS Development Team. (2017). QGIS Geographic Information System. Open Source Geospatial 

Foundation Project. http://qgis.org.   

Quigley, M. C., Hughes, M. W., Bradley, B. A., van Ballegooy, S., Reid, C., Morgenroth, J., . . . 

Pettinga, J. R. (2016). The 2010ï2011 Canterbury Earthquake Sequence: Environmental effects, 

seismic triggering thresholds and geologic legacy. Tectonophysics, 672-673, 228-274. 

doi:10.1016/j.tecto.2016.01.044 

R Core Team. (2017). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. .   

Regenerate Christchurch. (2019). ǽtǕkaro Avon River Corridor Regeneration Plan. Christchurch: 

Regenerate Christchurch. 85pp.  

Reynolds-Fleming, J. V., & Fleming, J. G. (2005). Coastal circulation within the Banks Peninsula 

region, New Zealand. New Zealand Journal of Marine and Freshwater Research, 39, 217-225.  

Roberts, D., Boon, R., Diederichs, N., Douwes, E., Govender, N., McInnes, A., . . . Spires, M. (2012). 

Exploring ecosystem-based adaptation in Durban, South Africa: ñlearning-by-doingò at the local 

government coal face. Environment & Urbanization, 24(1), 167-195. 

doi:10.1177/0956247811431412 

Robinson, K., Hughes, M., Cubrinovski, M., Orense, R., & Taylor, M. (2012). Lateral spreading and its 

impacts in urban areas in the 2010-2011 Christchurch earthquakes. New Zealand Journal of 

Geology and Geophysics, 55(3), 255. doi:10.1080/00288306.2012.699895 

Schiel, D. R., & Howard-Williams, C. (2016). Controlling inputs from the land to sea: limit-setting, 

cumulative impacts and ki uta ki tai. Marine and Freshwater Research, 67(1), 57. 

doi:10.1071/MF14295 

Schlacher, T. A., Dugan, J., Schoeman, D. S., Lastra, M., Jones, A., Scapini, F., . . . Defeo, O. (2007). 

Sandy beaches at the brink. Diversity and Distributions, 13(5), 556-560. doi:10.1111/j.1472-

4642.2007.00363.x 

Schlacher, T. A., Schoeman, D. S., Dugan, J., Lastra, M., Jones, A., Scapini, F., & McLachlan, A. 

(2008). Sandy beach ecosystems: key features, sampling issues, management challenges and 

climate change impacts. Marine Ecology, 29(s1), 70-90. doi:10.1111/j.1439-0485.2007.00204.x 

Schlacher, T. A., Schoeman, D. S., Lastra, M., Jones, A., Dugan, J., Scapini, F., & McLachlan, A. 

(2006). Neglected ecosystems bear the brunt of change. Ethology Ecology & Evolution, 18(4), 

349-351. doi:10.1080/08927014.2006.9522701 

Schleupner, C. (2008). Evaluation of coastal squeeze and its consequences for the Caribbean island 

Martinique. Ocean and Coastal Management, 51(5), 383-390. 

doi:10.1016/j.ocecoaman.2008.01.008 

Schoeman, D. S., Schlacher, T. A., & Defeo, O. (2014). Climate change impacts on sandy beach biota: 

crossing a line in the sand. Global Change Biology, 20(8), 2383-2392. doi:10.1111/gcb.12505 

Scientific Committee on Ocean Research, W. G. (1991). The response of beaches to sea-level changes: 

a review of predictive models. Journal of Coastal Research, 7(3), 895-921.  

Short, A. D. (1999). Handbook of beach and shoreface morphodynamics. Chichester; New York: John 

Wiley. 

Small, C., & Nicholls, R. J. (2003). A global analysis of human settlement in coastal zones. Journal of 

Coastal Research, 19(3), 584-599.  

Smith, C. G., Price, R. M., Swarzenski, P. W., & Stalker, J. C. (2016). The role of ocean tides on 

groundwater-surface water exchange in a mangrove-dominated estuary: Shark River Slough, 

http://qgis.org/


Nature-based solutions for a peri-urban sandspit 

90 

Florida Coastal Everglades, USA. Estuaries and Coasts, 39(6), 1600-1616. doi:10.1007/s12237-

016-0079-z 

Spalding, M. D., Ruffo, S., Lacambra, C., Meliane, I., Hale, L. Z., Shepard, C. C., & Beck, M. W. 

(2014). The role of ecosystems in coastal protection: Adapting to climate change and coastal 

hazards. Ocean and Coastal Management, 90, 50-57.  

Stive, M. J. F. (2004). How important is global warming for coastal erosion? Climatic Change, 64(1), 

27-39. doi:10.1023/B:CLIM.0000024785.91858.1d 

Strayer, D. L., & Findlay, S. E. G. (2010). Ecology of freshwater shore zones. Aquatic Sciences, 72(2), 

127-163. doi:10.1007/s00027-010-0128-9 

Tonkin & Taylor. (2017). Coastal hazard assessment for Christchurch and Banks Peninsula (2017). 

Report prepared for Christchurch City Council. 68pp+App.  

UNEP. (2010). Ecosystem-based Adaptation Programme Paris, France: United Nations Environment 

Programme.  

Wamsler, C. (2015). Mainstreaming ecosystem-based adaptation: transformation toward sustainability 

in urban governance and planning. Ecology and Society, 20(2), 1.  

Yohe, G., Jacobsen, M., & Gapotchenko, T. (1999). Spanning not-implausible futures to assess relative 

vulnerability to climate change and climate variability. Global Environmental Change, 9(3), 233-

249. doi:10.1016/S0959-3780(99)00012-6 

Zeldis, J., Skilton, J., South, P., & Schiel, D. (2011). Effects of the Canterbury earthquakes on Avon-

Heathcote Estuary/Ihutai ecology. Environment Canterbury Report No. U11/14. Christchurch: 

Environment Canterbury. 27pp.  

 



 

91 

PART 2 

SALT WATER I NTRUSION AND HABITAT SHIFTS  

Part 2 of the thesis investigates the potential for salt water intrusion effects associated with 

bathymetric changes in the lower rivers and tidal lagoon basin. The issue of whitebait 

conservation was the specific focus of this work due to a previously reported relationship 

between the location of ǭnanga (Galaxias maculatus) spawning sites and the upstream limit of 

salt water intrusion in coastal waterways. This species makes up the bulk of the whitebait 

catch, a traditional open-access fishery of significant cultural and economic value. Key 

objectives for these studies were the detection and quantification of habitat shifts that may 

result from salinity changes, and the evaluation of new vulnerabilities and associated 

implications for disaster recovery activities and longer term climate change adaptation.  

 

Chapters 4 and 5 describe the development of new methodologies and their application to test a 

hypothesis of habitat migration associated with salt water intrusion changes. Chapter 4 presents 

a comprehensive survey methodology to quantify spawning activity for spatiotemporal 

comparisons. Chapter 5 describes the novel use of artificial habitats as detection tools to help 

overcome field survey limitations in degraded environments where egg mortality can be high. 

Following a successful pilot study in the first year of research this technique was up-scaled as 

part of a collaborative project funded by the Department of Conservation and involving a wide 

range of participating organisations. Chapter 6 presents results from a two year study of 

spawning habitat dynamics using the above methodologies. Major habitat shifts were detected 

along with new patterns of vulnerability resulting from the new distribution of spawning 

habitat in relation to human land-uses. Subsequent work with stakeholders beginning 2017 has 

implemented adaptive management measures through spatial planning informed by the post-

earthquake research. Chapter 7 investigates the effectiveness of conservation planning methods 

for the protection of spawning sites as is required by higher level policy. This study was 

conceived as a comparative evaluation of three contemporary approaches in relation to the 

observed habitat shifts and with regards to the likelihood of future changes driven by sea-level 

rise.  
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 Box 1 TVNZ ONE News coverage of early results from the whitebait research programme and outreach 

brochures produced in collaboration with the Department of Conservation in English and Te Reo. 
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Chapter 4 
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 Marine Ecology Research Group, University of Canterbury 

 

Here we describe a methodology for detecting and quantifying the spawning habitat of ǭnanga 

(Galaxias maculatus), a protected native fish species. Our approach is demonstrated with a 

survey of the Heathcote River ǽpǕwaho following 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 sites (75 m
2
) was much larger than in previous records (ca. 

21 m
2
). Sites dominated by the invasive Phalaris arundinacea were 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 habitat. Considerable spatio-temporal 

variability was also detected in the location of spawning sites and pattern of egg production. 

Together these aspects illustrate the need for a comprehensive survey methodology to reliably 

quantify spawning habitat. The Heathcote ǽpǕwaho example shows the utility of our census 

approach for achieving this, and supporting habitat conservation objectives. 

 

Keywords 

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

whitebait, Galaxias maculatus, New Zealand. 

  

Census survey approach to quantifying ǭnanga spawning habitat for 

conservation and management 

Abstract 
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Ǭnanga (Galaxias maculatus, Jenyns 1842) is a riparian spawning diadromous fish species that 

comprises most of New Zealandôs whitebait fishery (McDowall 1984). However, ǭnanga are 

currently listed as óat risk - decliningô in the New Zealand Threat Classification System 

(Goodman et al. 2014). National 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 Conservation Authority regarding 

the sustainability of the fishery (Goodman 2016). 

 

The protection and enhancement of ǭnanga spawning habitat is an important focus for 

conservation as well as being a policy requirement. Globally, lowland riparian zones have been 

increasingly modified by urbanisation, impoundment, and floodplain development (Kennish 

2002). These changes have contributed to the decline of species such as ǭnanga that rely on 

riparian habitat for critical aspects of their life cycle (Hickford et al. 2010; Mitchell 1994). 

Despite being a well-known species, there are few examples of field studies that have 

comprehensively quantified the location and extent of ǭnanga spawning habitat. This is 

essential information for managing threats through approaches such as spatial planning and the 

design of protected areas. 

 

Obtaining improved spatial data is not straightforward because ǭnanga spawning habitat is 

strongly structured by salinity and water level, both of which are highly dynamic. As a 

consequence, 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 high-water level (Hickford & Schiel 

2011a; Richardson & Taylor 2002). These 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 country (Taylor 2002) and potentially between years. All of these factors 

must be addressed simultaneously to quantify spawning habitat and prioritise areas for 

protection as part of an effective conservation strategy. 

4.1 Introduction  
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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. 

Second, we demonstrate its application and utility for management using a survey of the 

Heathcote River ǽpǕwaho as an example. 

 

Previously reported trends in peak spawning months (Taylor 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 its location in the 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 approach to a survey of the Heathcote ǽpǕwaho over four 

months (FebïMay) in 2015 (Fig. 4.1). 

 

The Heathcote ǽpǕwaho is a spring-fed, lowland waterway with an average base flow of  

approximately 1 cumec (White et al. 2007). Riparian vegetation species in the study area 

included pasture grasses such as tall fescue (Schedonorus arundinaceus) and creeping bent 

(Agrostis stolonifera), together with herbs such as monkey musk (Erythranthe guttata), 

watercress (Nasturtium officinale) and mint (Mentha spp.). The invasive exotic reed canary 

grass (Phalaris arundinacea) was widespread throughout the study area in the ǭnanga 

spawning habitat elevation range. Infestations of Glyceria maxima were also present 

downstream. Indigenous plant species were generally scarce, but included rushes (Juncus spp.), 

occasional sedges (e.g., Carex secta) and harakeke (Phormium tenax). Oioi (Apodasmia 

similis) became more common near the downstream limit of the study area along with 

saltmarsh ribbonwood (Plagianthus divaricatus) and other saltmarsh species. Small stands of 

rǕupo (Typha orientalis) and kuawa (Schoenoplectus tabernaemontani) were also present, 

generally at slightly lower elevations than ǭnanga spawning habitat and often emergent in the 

main channel.  

  

4.2 Methods 

4.2.1 Survey approach 
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Fig. 4.1 Location of the study area in the Heathcote River ǽpǕwaho catchment with survey extent shown in 

yellow. 

 

During the December 2014 and January 2015 new moon spring tide sequence, the upstream 

extent of saltwater intrusion was determined using a handheld salinity meter (YSI Model 30, 

YSI Inc., USA). The progression of the flood tide was followed upstream as described in 

Richardson & Taylor (2002) but using kayaks. 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 secured 10 cm above 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 the tidal 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 upstream limit of seawater in the 

Heathcote ǽpǕwaho because a 0.1 ppt measurement was consistently recorded for >2 km 

4.2.2 Establishing the survey area 
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further upstream. The downstream extent was set at the transition to dominant saltmarsh 

vegetation which is considered to be unsuitable for spawning (Mitchell & Eldon 1991). In the 

Heathcote/ǽpǕwaho this transition is subtle, but this is not the case in all rivers. These steps 

resulted in the selection of a ca. 4 km reach for surveying (Fig. 4.1).  

 

4.2.3 Detection of spawning sites 

To achieve coverage of the entire survey reach within time restrictions, areas of potential 

habitat were first identified in a subjective survey similar to the expert judgement approach of 

Hicks et al. (2010), but using set criteria to define areas of high, moderate and poor quality 

habitat (Table 4.1). All areas of moderate and high 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 searches. Each search involved inspecting the stems/tillers 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 inspected (1 m either side of the high water mark). Where ǭnanga eggs were 

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 quantifying spawning habitat, mortality of eggs between spawning and the survey is a 

potential confounding factor (Hickford & Schiel 2011b). To minimise this, a standardised 

schedule was used to improve comparability between months (Table 4.2). Surveys commenced 

six days after the peak tide sequence each month. Four to five days of surveying were required 

each month using a team of three people.. 

 

Table 4.1 Ǭnanga spawning habitat quality classes and criteria. 

Class Quality of habitat for 

supporting spawning 

Expected egg 

mortality rate 

Criteria 

 

1 Poor High Vegetation cover <100% 

or 

Stem density <0.2cm
-2
 

2 Moderate Moderate Vegetation cover 100% 

Stem density >0.2cm
-2
 

Aerial root mat depth <0.5cm 

3 High Low Vegetation cover 100% 

Stem density >0.2cm
-2
 

Aerial root mat depth >0.5cm 
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Table 4.2 Tidal cycle data and survey periods for the 2015 Heathcote River ǽpǕwaho survey. 

Month of 
spawning 

Peak tidal 
cycle start 

Peak tidal 
cycle end 

Lunar phase 
Peak tidal 
height

Ϟ
 (m) 

Survey period 

February 22/2/2015 25/2/2015 new moon 2.6 March 3-6 

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 26-30 

May 17/5/2015 19/5/2015 new moon 2.6 May 26-30 

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

 

 

4.2.4 Spatial data 

Spawning ósitesô were defined as continuous or semi-continuous patches of eggs with 

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 falling within 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 calculated as length x mean width. For temporal 

analysis, spawning was considered to occur at the same ósiteô where the AOO overlapped 

between months. 

 

4.2.5 Spawning site productivity 

Productivity of each site was assessed by direct eggs counts using a sub-sampling method 

adapted from Hickford & 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 areas), a 1 m
2
 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 profile. For quadrats with very 

high egg densities (> 200 quadrat
-1

), egg numbers were estimated by further sub-sampling 

using five randomly located 2 x 2 cm quadrats and the average egg density of these sub-units 

used to estimate egg density for the larger 10 x 10 cm quadrat. 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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4.3.1 Habitat quality assessment 

Within the study area, over 1.5 km of the true right bank was assessed as having high or 

moderate quality and was selected for egg surveys (Fig. 4.2). 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 downstream limit of the survey area. 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 sections supporting more established riparian vegetation were selected for egg 

surveys with the exception of a contiguous reach of ca. 500 m near the downstream limit of the 

study area (Fig. 4.2). The reach between Radley Street and the tidal barrage offered mostly 

poor habitat quality on both banks with tall trees limiting the amount and density of 

understorey vegetation in the riparian zone. 

 

4.3.2 Egg surveys 

Thirty-two spawning sites were identified over the four month survey period distributed over a 

reach of approximately 2.5 km with the upstream extent being Opawa Road (Fig. 4.2). All 

spawning was found in óhighô quality habitat validating the habitat quality classification (Table 

4.1). The number of spawning sites detected varied considerably between months with nine 

found in February, 27 in March, 27 in April , and six in May (Fig. 4.2). Repeated use of the 

same area of riparian vegetation was observed at some sites, but other sites were used only 

once. Of the 27 sites found in March, 24 were re-used in April, but the 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. 

 

4.3 Results 
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Fig. 4.2 Areas subject to systematic egg searches and locations of spawning sites detected in the Heathcote 

River ǽpǕwaho catchment in each month (February ï May) of the survey. The upstream limit of salt water 

(as measured) is also shown. 

 

Area of occupancy showed a defined peak in March (57.7 m
2
 ± 2.7; ὼӶ ± SE) (Fig. 4.3a). Very 

little spawning was recorded in May (1.4 m
2
 ± 0.2). The productivity peak was also in March 

with 3.3 x 10
6
 eggs recorded (Fig. 4.3b), three times that of the next highest month (April). 

Total egg production over all months was 4.93 x 10
6
 ± 0.44 x 10

6
 eggs. Areas of occupancy 

varied considerably across the study area with large areas found a long distance apart (Fig. 

4.4a). The largest area was 13.3 m
2
 recorded 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 all months, the 

cumulative AOO of spawning habitat utilised at least once was 74.6 m
2
. The spatial 

distribution of egg production (Fig. 4.4b) often reflected the AOO of spawning sites, but also 

showed evidence of highly variable egg densities. The highest mean density was 13.5 eggs  

cm 
-2

 near Opawa Road, but >10 eggs cm
-2

 were also recorded at two other sites. The average 

mean egg density across all spawning sites and months was 2.9 eggs cm
-2

 ± 0.71. 

 

 

 


