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ABSTRACT
Coastal environments are threatened by climate change related increases in sea surface temperature
(SST) and sea level rise (SLR). SST is predicted to have the most pervasive effect on biological
function. SLR is likely to have the greatest impact on low lying coastlines and intertidal habitats. As
the west coast is projected to have the highest SLR, in New Zealand, a study of these changes at
Raglan, an estuary on the west coast of the North Island was conducted. The risk levels associated
with these changes was assessed. Following a similar approach to a recent study, a combination of
remote sensing light detection and ranging (LiDAR) data and the International Union for Conservation
of Nature (IUCN) Red List of Ecosystems, was used. Satellite and locally acquired SST and sea level
(SL) data were used to determine percentage change during both the past and future 50 year periods.
Vulnerability of ecosystems to abiotic changes was then determined. Three future scenarios were
used for SST and SLR based on the literature. It is found that historical change in SST (1.03 - 1.63°C)
is comparable to future projections of 1 - 2°C (6 - 11% change in absolute value). Further studies are
required to determine the adaptive range of biota at Raglan to such change. Marine ecosystems are
not deemed vulnerable following the historical SLR (12cm / 9% change in SL), however, changes in
inundation are likely to have had undesirable consequences. Marine ecosystems are considered
‘vulnerable’ following a future SLR of 45% at RCP8.5 (SLR 65cm). LiDAR data is shown to be
extremely useful for predicting and illustrating inundation and loss of intertidal zone at future
scenarios. The high risk to low lying sandy shorelines is clearly illustrated. Extensive loss of intertidal
zone at RCP8.5 is projected and habitat squeeze illustrated. Two environments, the cove off Cliff
Street and Cox Bay are projected to become ‘vulnerable’ at RCP8.5 following intertidal zone losses of
34 and 44% respectively. To our knowledge this is the first study to use both LiDAR data and the
IUCN Red List to determine the potential future risk to coastal environments in New Zealand,
associated with climate change.
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CHAPTER ONE – INTRODUCTION
1.1 Background, Rationale and Implications
Anthropogenic climate change, driven by increased greenhouse gas emissions from human activity,
threatens coastal environments with broad ranging effects. Changes in temperature are expected to
have the most ubiquitous effects on biological function (Brierley & Kingsford, 2009). Sea level rise
(SLR) is predicted to have the greatest ecological impact along low-lying coastlines (Schaefer et al.
2020), with implications for intertidal, sediment dwellers and nursery habitats (Fujii & Raffaelli, 2008)
such as estuaries.
The top three climate change related risks for New Zealand are the threat to coastal communities,
infrastructure and low-lying ecosystems (Rouse et al., 2017). SLR around New Zealand is predicted
to be greater than the global average projection (Ackerley et al. 2013, Kopp et al. 2014) with the west
coast the highest (Ackerley et al. 2013).
Consequently, due to climate change, estuaries on the west coast may be at great risk. Raglan is an
estuary on the west coast of the North Island of New Zealand; an ecologically and socio economically
indispensable area. Accordingly, this study assesses risk levels at Raglan, focusing on the climate
change related effects expected to have the most significant impact on estuarine ecosystems and
built environments—sea surface temperature (SST) and SLR. A combination of remote sensing light
detection and ranging (LiDAR) data and the International Union for Conservation of Nature (IUCN)
Red List of Ecosystems; as used by Schaefer et al. (2020) to determine SLR associated risk to rocky
shores, is adopted.

1.2 Purpose and Proposed Research Objectives
Without adaptation, climate change related impacts in Australasia will likely have dire consequences.
(Rouse et al., 2017). Information is critical to prioritising risk mitigation and this study aims to provide
useful insights to support future planning and adaptation for Raglan. A further objective is to test the
value of using LiDAR and the IUCN Red List of Ecosystems for assessing risk to estuarine
environments.
This study therefore aims to determine the changes in SST and SL over the past 50 years.
Furthermore, projected changes in SST and SL over the next 50 years, associated with future climate
change scenarios are ascertained.
The intention is to provide an indication of future inundation and intertidal zone loss. Using the
‘bathtub’ method, a static shoreline is assumed, given the uncertainty of future changes in a highly
complex system. LiDAR data is used to establish and illustrate changes in inundation and intertidal
zones at selected environments at future scenarios. The IUCN Red List of Ecosystems is used to
assess the risk of ecosystem collapse due to SLR at selected environments at future scenarios.

1

1.3 Thesis Outline
Chapter Two – Literature Review
This chapter gives a brief overview of climate change, with emphasis on climate change related
effects on the ocean, coastal environments and infrastructure. Raglan is introduced and briefly
discussed. A review of risk assessment methods and previous studies is provided. Finally, in depth
discussions on SST and SLR are followed by detailed accounts of historical observations and future
projections globally and for New Zealand.
Chapter Three – Data and Methods
Here, the assessment area for this study and the environment selection is described. This is followed
by an overview of the information, data, methods and scenarios used to determine historical and
future changes in SST and SLR. An in-depth description of the LiDAR data used, as well as its
analysis and illustration using Arc Map is provided. Finally, an overview of statistical tests and their
use in this study, as well as an explanation of how the IUCN Red List of Ecosystems is used to
estimate ecosystem risk levels.
Chapters Four to Seven – Results and Discussion
The results of this study are presented, illustrated and discussed in four chapters: historical changes
in SST, historical changes in SL, future changes in SST and future changes in SL. The last chapter
addresses changes in depth, inundation and intertidal zone area.
Chapter Eight - Conclusion
This chapter is a summary of key results, discussion points and implications. The value of using these
methods is examined and suggestions for further research offered.
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CHAPTER TWO - LITERATURE REVIEW
Climate change is predicted to have dire effects on both the natural world and social infrastructure. To
this end, it is important to identify high risk environments to prioritise mitigation effectively.

2.1 Climate Change
A global warming trend has been observed since the 20th century and attributed to an
anthropogenically enhanced ‘greenhouse effect’. This is caused by gases in the atmosphere (e.g.
water vapour, carbon dioxide, nitrous oxide and methane) that block heat from escaping. Carbon
dioxide (CO2) is the most long-lived climate change ‘forcing’ gas and since the industrial revolution,
human activity has increased the concentration of atmospheric CO 2 by 47%.(NASA, 2020)
Evidence of warming includes changes in surface, ocean and atmospheric temperatures (Hartmann
et al. 2013) (Figure 1). The extent of climate change effects depends on future greenhouse gas
concentrations.

Figure 1 Evidence of global warming (Hartmann et al. 2013).

A non-linear temperature rise is projected for New Zealand, as well as rising sea levels, increased
average rainfall, increased risk of dry periods, reduced frost and seasonal snow cover, with more
frequent extreme rainfall and winds. Small changes in average conditions will result in an increased
frequency of extreme events (MfE, 2008). New Zealand is committed to mitigating the negative effects
of climate change, however, if planned for correctly, positive effects in certain parts of the country can
be harnessed (MfE, 2008)—development of useful environments or habitats.

3

The top three climate change related risks for New Zealand are the threat to coastal communities,
infrastructure and low-lying ecosystems (Rouse et al., 2017). Coastal environments are constantly
being evaluated to determine their vulnerability to hazards relating to climate change. Assessments of
the likelihood of human or biological systems being adversely affected or unable to effectively adapt
(MfE, 2017) inform mitigation strategies. Due to the broad range of future scenarios, coastal hazard
guidelines are flexible, adaptive and not based on a single outcome (MfE, 2017).
Climate Change Projection Scenarios
As future emissions and other variables are uncertain, standardised potential scenarios known as
representative concentration pathways (RCPs) are used. These refer to approximate total
(accumulated) radiative forcing, with RCP2.6 (2.6W m-2) the lowest and RCP8.5 the highest future
emission scenario (MfE. 2017). RCP2.6 requires removal of some of the CO2 presently in the
atmosphere and RCP8.5 (business as usual) with no reduction in emissions and high greenhouse gas
concentration by 2100 (NIWA, 2018).

2.1.1 Effect of Climate Change on the Ocean
The effects of climate change on oceans are extensive. This section provides a brief overview of the
most fundamental effects and those relevant to this study.
The ocean has absorbed 93% of the energy added to the climate system by enhanced ‘greenhouse
gas’ radiation (NASA, 2020). Noteworthy, as due to the ocean’s thermal inertia and heat retention,
temperatures will continue to rise long after the effect of emissions abates (Brierley & Kingsford,
2009). Warming causes the water to expand which contributes to the rise in sea level (Hartmann et al.
2013). Sea-level rise (SLR) caused by: thermal expansion of the ocean, melting of glaciers and
icecaps (Church et al. 2013), is predicted to impact coastal biota and reduce coastal habitats
(Lundquist et al., 2017).
The ocean has absorbed 30% of anthropogenic CO2, which changes ocean carbonate chemistry
(NASA, 2020). Increases in ocean CO2 are causing ocean acidification which affects the ability of
organisms to maintain their calcium carbonate skeletons (Grantham et al., 2011).
Changes in the physical and chemical conditions of the ocean have already impacted the distribution
and extent of marine organisms and ecosystems (Grantham et al., 2011). The effects of climate
change on ocean sea-level, temperature and acidification are anticipated to threaten marine
ecosystems globally (Brierley & Kingsford, 2009). In addition, altered ocean salinity, surface wind and
waves, sea level and storm intensity will impact coastal environments as well as social infrastructure
and industry (Grantham et al., 2011).

4

2.1.2 Projected Effects of Climate Change on Coastal Ecosystems
Coastal environments have narrow temperature variation and are more stable than terrestrial
environments (Brierley & Kingsford, 2009), consequently, coastal ecosystems are likely vulnerable to
small changes. The sensitivity of marine ectotherms to temperature is well recognised, with thermal
tolerances matching the variability within their environments. In addition, sensitivity to temperature
increases when exposed to additional climate change related stressors such as acidification or
reduced oxygen (Poloczanska et al. 2016). Moderate changes in temperature affect biological and
distribution processes in aquatic environments and consequently, ecosystem processes (HoeghGuldberg & Bruno, 2010).
Even though there is natural vertical, horizontal and temporal variability, SLR affects habitat space
and local nutrient flux (Brierley & Kingsford, 2009). Further, SLR changes depth, altering access to
light which strongly affects marine species with both light and temperature thresholds—often
triggering reproduction and migration (Poloczanska et al., 2016).
The effects of climate change have implications for intertidal, sediment dwellers, rocky shore
ecosystems and nursery habitats (Fujii & Raffaelli, 2008) such as estuaries.

2.1.3 Projected Effects of Climate Change on Estuaries
Estuaries support highly productive ecosystems and have extensive benefits such as: food, coastal
protection, recreation, water filtration and other ecosystem services (Orchard et al., 2020). The
intertidal flats of estuaries are physically dynamic environments with a high density of benthic
invertebrates; food for epibenthic crustaceans, fish and shorebirds (Fujii & Raffaelli, 2008).
A study of a Malaysian estuary showed that seagrass meadows and mangrove habitats support an
abundance of diverse fauna (Al-Asif et al., 2020). Climate change related reduction in rainfall will
increase salinity, which affects mangrove productivity. Increased salinity also causes altered
community composition as species with high salt tolerance become dominant; ultimately reducing the
diversity of mangrove and other ecosystems (Grantham et al., 2011).The detrimental effects of
climate change on these habitats would have wide-ranging effects on multiple biota. Roskoden et al.
(2020) found that the Firth of Thames mangroves will change soil properties sufficiently so that
sedimentation rates keep pace with SLR. While these results are encouraging, they are not
transferable; how mangrove forests will fair in other locations is dependent on the local subsidence
processes (Roskoden et al., 2020) and the ability to retreat landward if necessary.
Estuaries are prone to coastal inundation caused by both storm surge and flooding from rain events. If
peak freshwater flow coincides with high tide and storm surge, water elevation in estuaries can build
significantly (WRC, 2007). This raises the question of risks associated with future tide changes.
Although ocean tides will not be directly affected by climate change, the propagation characteristics of
tides in shallow estuaries may be—with depth changes due to changes in sediment supply and SLR
(Bell et al. 2001). This is corroborated by Fujii & Raffaelli, (2008) who stated that while the impact of
SLR on estuaries is uncertain, sediment and tide depth are likely to play an important role.
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The small waves typical of estuaries can cause serious erosion of soft sediment over time (WRC,
2007). Moreover, the effect of climate change on wind, waves, storms, sediment supply and sea
temperature, as well as increased frequency of sea inundation will exacerbate the erosion and retreat
of soft shorelines (Rouse et al., 2017).
In addition to extensive erosion, estuarine habitats could completely disappear due to rising sea levels
squeezing the tidal flats against sea defences (Fujii & Raffaelli, 2008). This was supported by Orchard
et al. (2020) who showed that adaptation to habitat squeeze caused by seismic sea level change was
prevented by infrastructure obstructing landward retreat. Seismic activity, prevalent in New Zealand,
could exacerbate SLR associated habitat squeeze.

2.1.4 Projected Impact of Climate Change on Coastal Infrastructure
Extreme sea level events are projected to occur yearly as opposed to once a century by 2050 along
many coastlines around the world (Paulik et al., 2020). Consequently, SLR is of great relevance for
long-term decisions made in coastal areas (MfE, 2017), especially as New Zealand is a coastal
nation, with the seventh longest coastline in the world (Rouse et al., 2017). Paulik et al. (2020)
showed that the exposure of New Zealand’s built environment to extreme sea level flood events in the
next 100 years, doubles with less than 1m SLR. In addition, it is likely that low-lying areas will
experience rapid exposure within the next few decades (Paulik et al., 2020).
Furthermore, it is expected that New Zealand’s current coastal hazards will be exacerbated by SLR.
This will affect planned and existing developments, utilities and services below and above ground,
community related value such as public amenity and recreation. The ability to protect environments
from long-term climate change related impacts depends on physical, spatial and affordability
constraints, further complicated by uncertainty (MfE, 2017). Risk mitigation strategies and resource
prioritisation are therefore essential.
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2.2 Risk Assessment
2.2.1 Risk Assessment and Mitigation for Coastal Areas
Without adaptation, climate change related changes in Australasia will likely have dire consequences.
Accordingly, extensive work is being carried out to address coastal adaptation to climate change in
New Zealand. In the next 30-40 years, significant strategic planning and decision-making will be
required (Rouse et al., 2017).
Lawrence et al. (2019) assessed the value of combining several adaptive planning, decision-making
processes for assessing climate change related risk to coastal areas. They highlighted the importance
of using several plausible future scenarios. They also emphasised the importance of and need to take
early action with long-term, anticipatory risk mitigation strategies when challenged by an uncertain
future (Lawrence et al. 2019).

2.2.2 Assessing Risk Associated with Climate Change to Ecosystems
Local predictions would be useful to address conservation, habitat loss, associated ecological
communities and coastal buffer zones (Schaefer et al. 2020). Consequently, hindcast and projective
tools are sought after, such as that developed by Cagigal et al. (2020) for storm surge included in the
Coastal Collective with multiple projection resources such as wave projection tools (Coastal
Collective, 2020). Among others, Waikato Regional Council has also recently developed a user
friendly local coastal inundation tool for lay people (WRC, 2020).
There is much emphasis on predicting the inundation or erosion of sedimentary shores, which are
showing signs of coastal squeeze and increased steepness due to SLR (Jackson & Mcllvenny, 2011).
Varied approaches and methods have been used. Revell et al. (2011) based estimations of future
coastal hazards on a downscaled regional climate model and state-wide data to determine the risk of
erosion. Other methods used to project changes in shoreline include historical trend analysis
(inappropriate as it assumes factors remain constant and SLR is accelerating), numerical (erosion)
and passive flooding or ‘bathtub’ inundation models (Jackson & Mcllvenny, 2011). The ‘bathtub’
approach applies predicted SLR to existing topography and land elevation (Jackson & Mcllvenny,
2011) and does not incorporate changes in waves or storm surge (Storiazzi & Berkowits, 2015).
Recently, Schaefer et al. (2020) used the ‘bathtub’ approach when predicting the impact of SLR on
intertidal rocky shores. They combined remote sensing with the IUCN Red List of Ecosystems. Using
a survey of coastal elevation, they estimated the net loss/gain of intertidal rocky shores under future
sea-level rise scenarios. This showed a ‘near threatened’ status resulting from habitat loss within their
study area with high spatial variability. Furthermore, rocky shores with gentle slopes had higher
projected area loss than those expanding above the current intertidal range (Schaefer et al. 2020).
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Jackson & Mcllvenny (2011) used GIS technology and existing data to show that a SLR of 30cm
would result in a 10-27% loss of intertidal extent and slope increases of 26-50%. In another study, a
model simulation of the Humber estuary showed a SLR of 30cm would result in a 6.7% loss of
intertidal area and a 6.9% loss of microbenthic biomass (Fujii & Raffaelli, 2008).
Although for practical reasons, most inundation prediction studies focus on specific variables, this
may limit the accuracy of predictions due to the complexity of contributing factors (Stansby et al.
2013). While these studies provide useful information and a basis for risk evaluation, perhaps a more
comprehensive approach would be more beneficial. Stansby et al (2013) assessed a historical flood
event, integrating climate models, wave, tide and surge models. They suggest that only integrated
modelling can assess such complex scenarios (Stansby et al. 2013).
The use of LiDAR data and the IUCN Red List used by Schaefer et al. is an interesting approach and
the basis for this study. To our knowledge, this is the first study to use the IUCN Red List to predict
the likely risk of ecosystem collapse due to SLR in New Zealand.

2.2.3 The IUCN Red List
The IUCN Red List of Threatened Species is the most comprehensive inventory of conservation
status (IUCN, 2020). The IUCN Red List for Ecosystems however, assesses risk of ecosystem
collapse and not risk to individual species. It is part of the toolbox for assessing risks to biodiversity
(IUCN, 2015).
Recently, assessments specifically addressing climate-change-related risks to species have been
developed, with traits linked to the likelihood of species being threatened by climate change.
However, counterintuitive results relating to temperature have been reported, such as an increased
threat to species with broad temperature tolerances. Work is being done to improve the robustness of
these assessments (Trull et al., 2018). Use of the IUCN Red List to predict risk of extinction due to
climate change seems problematic. Responses of most species to future changes in climate are not
well-enough understood. Furthermore, it is insufficient to base the risk to a species solely on range
shifts. Predictions of risk to a species associated with climate change require a combination of
parameters (Akçakaya et al., 2006).
The Red List for Ecosystems provides for the assessment of risk of ecosystem collapse based on the
change or loss of biotic or abiotic factors (IUCN, 2015). While climate change related effects on
ecosystems are also complex, this higher level of risk assessment may yield fewer complications.
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2.3 Raglan - a Valued Environment
Raglan is part of the Waikato District, rich in culture, wilderness reserves, farmland and stunning west
coast beaches (WDC, 2021) which are part of the marine mammal sanctuary (DOC, 2013). It is a
coastal town, largely surrounded by an extensive estuary. The area is home to over 3000 people and
a popular tourist destination for its three surf beaches and natural beauty. It is also well known for
famous surf breaks, crafts, cafes and restaurants. Raglan is a base for many artists, holding a wide
range of entertainment events every year (WDC, 2021). Consequently, it would be of great concern if
this economically and ecologically indispensable area was adversely affected by climate change.
Most of the western coastline of the North Island is a marine mammal sanctuary and home to the
endemic and critically endangered Maui dolphin; most sightings have occurred near Raglan and Port
Waikato (Derville et al. 2016). Orca also feed and nurse in the estuary (personal communication,
Raglan Harbour Cruises). The collapse or even loss of ecosystems along this coastline would have
dire biodiversity and socio-economic effects.
In a report commissioned by The Waikato Regional Council to assess coastal hazards along the west
coast, Raglan was identified as a priority area, requiring further information on coastal hazards (WRC,
2007). The open coast shoreline around the Raglan harbour has had a history of extreme fluctuations,
with alternating periods of erosion and accretion—dune-line fluctuations of up to 40m. Furthermore,
the Te Kopua area (and campground) has had significant shoreline changes over time and there is a
need for caution when planning future development or land use in the area (WRC, 2007).

2.4 Study Focus: SST and SLR Key Changes Predicted to Impact Estuaries
This study focuses on the Raglan Estuary, and accordingly, physical changes expected to have the
most significant impact on estuaries have been identified. To this end, due to the limited scope and
time available for this study, only SST and SLR have been focused on in detail. While beyond the
scope of this study, the importance of sea pressure, wave height, wave run up, storm surge
projections, inter annual climate variability, increased ambient temperature, atmospheric CO 2 levels,
sediment changes, salinity, changes in freshwater input among others are acknowledged.
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2.5 Sea Surface Temperature (SST)
Temperature plays a crucial role in the biology and ecology of marine organisms (Hoegh-Guldberg et
al. 2014). Changes in temperature will have the most ubiquitous climate change related effects on
biological function (Brierley & Kingsford, 2009).
Most (67%) of the ocean warming has occurred in the upper ocean above 700m, resulting in
increased thermal stratification. While most of the ocean will continue to warm, rates will differ
regionally (Hoegh-Guldberg et al. 2014).

2.5.1 Observed Changes
The SST of the Pacific Ocean increased by 0.31°C between 1950 and 2009 (Figure 2), whereas the
Indian and Atlantic Oceans increased by 0.65°C and 0.41°C respectively during the same period
(Hoegh-Guldberg et al. 2014). The highest rates of temperature increase (>0.1°C per decade)
occurred between 1971 and 2010 near the surface (upper 75m) of the ocean (Hoegh-Guldberg et al.
2014).

Figure 2 Historical SST for the Pacific Ocean (Hoegh-Guldberg et al. 2014)
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Sutton & Bowen (2019) used satellite data to assess SST trends from 1981 to 2017 around New
Zealand and as far as the east coast of Australia (Figure 3). They showed that SST has warmed
around most of New Zealand. Strong interannual variability due to the El Niño Southern Oscillation
was also noted, as well as regional differences in warming rates. They reported intense warming off
the east coast of Australia and in the central south pacific gyre (Sutton & Bowen, 2019).

Figure 3 SST changes per decade around New Zealand 1981 - 2017 (Sutton & Bowen, 2019)

Around the New Zealand coastline, the strongest warming has taken place off the east coast of the
North Island, south of East Cape and off the Wairarapa Coast (Figure 3). The weakest warming
occurred along the northeast coast (Sutton & Bowen, 2019). Figure 3 shows intermediate warming
around the west coast of the North Island near Raglan of approximately 0.2°C per decade.
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2.5.2 Projected Changes
The three oceans mentioned above will continue to warm under RCP4.5 and RCP8.5 scenarios.
However, temperatures will likely stabilise in the second half of this century under the ambitious
RCP2.6 scenario (Hoegh-Guldberg et al. 2014). As there Is more certainty and therefore similarity of
projected emissions to 2040, the short-term projections for temperature across RCP scenarios are
similar (Figure 4). However, by the end of the century, projections for all oceans are 1.8 - 3.3°C higher
for RCP8.5 than for RCP2.6 (Hoegh-Guldberg et al. 2014). The steep rate change is evident in figure
4 which shows four future RCP scenarios up to 2060. For RCP8.5, by 2060 the global SST will have
only risen by 2°C.

Figure 4 IPCC SST Predictions for four scenarios (IPCC, 2013)
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SST projections for New Zealand (Figure 5) reported by MFE (2018) have been determined using six
global climate models (averaged over the regional climate model domains). The historical data is
based on the period (1960 - 2005). By 2070 this shows an average SST for New Zealand of just
below 1°C and for RCP8.5 approximately 1.7°C. As discussed above, the rates of SST increase will
vary around New Zealand.

Figure 5 SST projections for NZ under different future scenarios (MfE, 2018)
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2.6 Sea Level Rise (SLR)
Thermal expansion and glacier mass loss have been the main cause (75%) of the global mean sea
level rise (GMSLR). Model based estimates indicate that this is a direct response to anthropogenic
and natural radiative forcing (Church et al. 2013). Other contributors are changes in land water
storage and the melting of ice sheets; contribution from the Greenland and Antarctic ice sheets has
increased since the early 1990s (Church et al. 2013).
There are regional differences in absolute sea level around New Zealand and the South Pacific.
These are due to currents, ocean responses to climate change and variability associated with the El
Niño Southern Oscillation and Interdecadal Pacific Oscillations (Bell et al. 2001). Consequently, SLR
around New Zealand will deviate from the GMSLR predictions suggested by the Intergovernmental
Panel on Climate Change (IPCC) (Bell et al. 2001).
Due to the changes in land height resulting from seismic activity, when addressing sea level rise it is
essential to use relative (local tide gauge) measurements which incorporates changes in land height
for that coastal area (NIWA, 2017)

2.6.1 Observed Changes
Historically, due to different orbital forcing, when global mean temperature was 2°C higher than it is
currently, the GMSL exceeded 5m above what it is currently (Church et al. 2013). The rate of SLR
began to increase again towards the end of the 19th century with estimates of up to 1.7 (1.5-1.9)
mm/yr between 1901 and 2010. Between 1993 and 2010 the rate is estimated to be as high as 3.2
(2.8-3.6) mm/yr (Church et al. 2013).
The sea level data available for long term trend analysis in the southern hemisphere is sparse
(Hannah & Bell, 2012). Hannah & Bell (2012) used four reliable long-term datasets in New Zealand
(Figure 6) to compute sea level trends at six other locations. The process compared the old mean sea
level (MSL) datum with a newly defined datum based on sea levels over the last decade, fitting a
linear trend between the
two datapoints. The
average relative sea level
rise from the six newly
derived trends was 1.7 ±
0.1mm/yr, consistent with
the analysis of the longterm records. The closest
location to Raglan for
which a sea level trend
was determined using this
method is New Plymouth
(1.5 ± 0.2mm/yr) (Hannah

Figure 6 Changes in annual local MSL for four main ports (MfE,
2017)

& Bell, 2012).
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2.6.2 Projected Changes
The IPCC has published projected global sea level rises based on multiple models (Church et al.
2013) (Figure 7). However, projections for SLR are uncertain (Church et al. 2013) and wide-ranging
due to the non-linear and delayed responses of ocean and ice environments (MfE, 2017) and
complex contributing factors mentioned above (Church et al. 2013). This has resulted in numerous
SLR projections. As is evident in figure 7, the rate of increase is non-linear and highest toward the
end of the century. A broad range of process-based models have provided a range of projections for
the 20 year period 2081-2100 for each scenario: 0.26-0.55m (RCP2.6), 0.32-0.63 (RCP4.5), 0.450.82m (RCP8.5). The total GMSLR for RCP8.5 by 2100 is 0.52-0.98m at a rate of 8-16mm/yr between
2081 and 2100. This highlights that the greatest proportion of GMSLR predicted by 2100 will occur in
the last 20 years of the century (Church et al. 2013). Kopp et al. (2014) predict a GSLR range of 0.31.2m (three scenarios) between 2000 and 2100. Using a slightly higher GSLR of 1.9m by 2100,
Jackson & McIlvenny (2011) project rocky shore ecosystem loss of up to 50%, with steeper slopes
and at least 50% of these areas becoming vertical.

Figure 7 IPCC predictions using multi-model simulations (IPCC, 2013b)
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SLR will likely have the greatest ecological impact along low lying coastlines (Figure 8); increased
inundation of the intertidal zone affecting rocky shores, mangroves, seagrasses and saltmarshes
(Schaefer et al. 2020).

Figure 8 Effect of SLR on Low Lying Estuaries (MfE 2017).

Ackerley et al. (2013) predict the SLR for New Zealand to be slightly higher than the GMSLR
projection of the IPCC above. Sea level around New Zealand is predicted to rise by 5-10% more than
the global average rise (Ackerley et al. 2013. Kopp et al. 2014).
There is currently insufficient information to make regional SLR projections for New Zealand and
current patterns of local sea level variability may change due to long term climate change
(Bell et al. 2001). In addition, SLR effects will differ regionally and locally depending on vertical land
movement and local tides such as in estuaries (NIWA. 2017).
In an attempt to address this issue, four SLR scenarios to 2150 have been constructed to meet New
Zealand requirements (MfE, 2017). These were combined with data from sites with long term
measurements (>100yrs) to illustrate how SL is currently tracking (NIWA, 2017) (Figure 9).

Figure 9 NZ SLR future scenarios (NIWA, 2017)
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A national mean sea level rise trend of 1.81 ± 0.05mm/yr was determined from the long-term
datasets. The relative mean sea level rise trend for New Plymouth with long term measurements of 63
years was reported (1.33 ± 0.24mm/yr) but not included in the calculation of the national mean (Stats
NZ, 2019).
Further, it is projected that the SLR on the west coast of New Zealand will be the highest — up to
2.1cm greater rise between 2030 and 2049, up to 4.9cm greater rise between 2080 and 2099
compared to the AR5 modelling datasets of the IPCC (Ackerley et al. 2013). This indicates that west
coast environments, may be at higher risk. This was the basis for selecting an environment on the
west coast for this study.
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CHAPTER THREE - METHODS
3.1 Study Area and Environment Selection
The study area is Raglan, an estuary in the Waikato region on the west coast of New Zealand’s North
Island (Figure 10).

Figure 10 Location of Raglan on the west coast, North Island New
Zealand.
Raglan: The area of interest is from the Wainamu car park (open sea just past the southern head of
the harbour) -37.804450, 174,847357 to Okete Bay -37.805610, 174.921679 Figure 11). This includes
Raglan town and surrounds. The northern side of the harbour opposite Raglan is largely undeveloped
and composed of resilient cliffs made of limestone. Consequently, this study focuses on environments
on the south side identified as likely to be vulnerable and of ecological, cultural or economic
importance (Figure 11).

Figure 11 Raglan area of interest and selected environments. * As per north arrow on bottom
right, north is towards the bottom and east to the left of the map.
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Environment Selection
The area was assessed on foot and from the water (Raglan Harbour Cruises and kayak).
Environments along the shoreline, accessible by foot were assessed by measuring 1m above the high
tide mark using a field measuring stick; considered likely risk of inundation and erosion (Figure 12).
Waikato Regional Council’s (WRCs) vegetation survey was used as a guide for noteworthy
ecosystems and local knowledge from the Skipper of Raglan Harbour Cruises was noted.

Beach access near campsite

Daisy Streetadjacent to Lorenzan
Bay

Wharf car park

Town boardwalk

Figure 12 Images showing shoreline assessment with a measuring stick.
Relevant Flora Addressed in the Waikato Regional Council Raglan Vegetation (WRC, 2012)
Seagrass (Zostera capricorni) beds were noted as a major feature along the town foreshore. This is
usually a monospecific community and is the vegetation which occurs at the lowest level in the tide.
Estuarine vegetation in more exposed areas is largely thin bands of rushland and sea meadow
communities which can include sea primrose, remuremu, glasswort, slender clubrush (Isolepis
cernua), and arrow grass (Triglochin striata), and in more brackish areas bachelor’s button (Cotula
coronopifolia), leptinella (Leptinella doica) and sharp spike-sedge (Eleocharis acuta).
Siltstone platforms and seagrass beds close to the shore were reported at Lorenzan Bay, across the
entrance to Cox Bay as well as around the centre of town. Scattered mangroves and sea rush beside
the road were also reported.
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Mangrove (Vicennia marina subsp. australasica) are found in patches of varying size and maturity.
Usually a monospecific community although seagrass, spartina (Spartina spp.), saltwater paspalum
(Paspalum vaginatum) and sea meadow beds can be found underneath mature mangrove stands
At the mouth of Okete Bay a large shell spit with houses behind it was noted. Ineffective erosion
protection on the exposed harbour edge was highlighted.
There are numerous large oyster beds, some so extensive that at low and mid tide the area is
inaccessible to boats, indicative of the shallow depth they inhabit. Timico (Amphibola crenata) and
mud crabs (Scylla serrata) are noted as common.
There is significant fauna and flora in other parts of the estuary, excluded due to being less accessible
and beyond the scope of this study.
Roads and Housing
• Wallis street and flood area, a key through road with a flood gate area which flows under the
bridge. (-37.79672, 174,87504)
• Wharf shops and restaurant car park (-37.79493, 174,87911)
• Eroding peninsula between Moonlight and Lorenzan Bays reported (personal communication,
Raglan Harbour Cruises) to have reduced substantially over time (-37.799673, 174.891032
• Oleta Bay houses have had issues with flooding (-37.803663, 174.915418) (personal
communication, Raglan Harbour Cruises)
• Eroding cliffs along Wainui Road with significant vegetation and a number of houses overlooking
the water or with gardens leading to the water
• Wainui Road estuary (after Joyce Petchel Park, when leaving town), on east side of Marine
Parade (behind Skate Park)
Cultural
• Te Kopua Whanau Campground on Tainui Awhira land bordering the shoreline has begun to
erode. Measures have already been taken to slow erosion (: -37.804450, 174,847357)
Community
• Skate Park, Campsite and Playground on the edge of Marine Parade (-37.80095 174.865446)
• Shoreline of the Joyce Petchell Park, Information Centre, Museum and Fire Station on Wainui
Road opposite Marine Parade (-37.80020417 174.868184)
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3.2 Historical and Projected Sea Surface Temperature Changes
Sea Surface Temperature (SST) - Past 50 Years (1970 - 2020):
Satellite Measurements
Monthly mean SST satellite data from the Copernicus Sentinel-3 for Raglan Harbour (Beach/Ocean)
was accessed from Climate Explorer (2020) and from Stats NZ (2019) for the Waikato West Coast.
This was to ensure data quality. In addition, the limited beach and estuarine SST measurements
(provided by Waikato Regional Council) were used to ensure Beach SST data trends were
representative of Estuarine SST trends. SST patterns were shown to be almost identical as illustrated
in the results section (Figure 15).
As satellite data only extended back to the early 1980s, the trend was used to extrapolate the mean
SST 50 years ago, using the current mean SST (average of the past five years) provided by Waikato
Regional Council.
Sea Surface Temperature - Next 50 Years (2020 - 2070)
Three future SST scenarios were chosen based on the trend over the last 50 years and future
projections—conservative (previous 50 years), likely (NZ region future projection) (MfE, 2018) and
extreme (RCP8.5 scenario for the Pacific) (Church et al., 2013).
Table 1 Indicative Future Sea Level Rise Scenarios

Scenario

SST by 2070 (°C)

Conservative

1

Likely

1.6

Extreme

2

‘

3.3 Historical and Projected Sea Level Rise
Sea Level Rise - Past 50 Years (1970 - 2020):
Gauge Measurements
As the gauge measurements at Raglan and Kawhia (closest gauge to Raglan) have not been
consistently recorded, they could not be used. However, the gauge data collected at New Plymouth
were consistently measured back to the 1920s and deemed reliable. It is important to note that while
the Raglan zero is referenced to the Moturiki Vertical Datum, (MVD), New Plymouth is referenced to
the Taranaki Vertical Datum (TVD). However, in this study as only trends were used and no absolute
measurements, conversion between vertical data was not required.
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Satellite Measurements
Monthly mean sea level (SL) anomalies for Raglan and New Plymouth were accessed from
Copernicus Sentinel-3 which has satellite measurements from as far back as the early 1990s (Climate
Explorer, 2020). Sea level trends of the two locations over the last 27 years were compared.
Deduction and Extrapolation
As shown in the results section, the New Plymouth gauge and satellite SL trends were not
significantly different. The Raglan and New Plymouth satellite SL trends were also not significantly
different (Table 5). Consequently, the New Plymouth gauge data for SL anomalies was determined to
be indicative of the Raglan SL trends.
As there is no consistent data dating back to 1970, it was necessary to extrapolate back using the
determined SL trend. As Raglan and New Plymouth SL data are referenced to different vertical data,
mean sea level (MSL) values are not interchangeable and must be converted using the appropriate
offset of -0.023 (converting New Plymouth to Raglan). However, this was not necessary, as only the
New Plymouth SL trend was used and not the absolute MSL values. The current MSL for the Raglan
area relative to the MVD was provided by Rob Bell of NIWA (personal communication). The MSL at
Raglan 50 years ago was calculated by extrapolation using the New Plymouth SL trend over the past
50 years. The difference between these two values was calculated to determine the change in SL
over the past 50 years and percentage change was then calculated.
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Predicted Sea Level Rise Scenarios - Next 50 Years (2020 - 2070)
Three sea level rise scenarios were selected, based on the NIWA SLR scenarios for New Zealand
(RCP2.6, 4.5 and 8.5) recommended in the MfE (2017) coastal guidance. These were based on the
IPCC 5th Assessment Report.
The current national mean SLR is 1.81 ± 0.05mm/yr for the period 1901 - 2018 (Stats NZ, 2019). The
closest location to Raglan with consistent, reliable long-term SL data is New Plymouth with a trend of
1.33 ± 0.24mm/yr based on the periods 1918 - 1921 and 1955 - 2018. (Stats NZ, 2019). This is
approximately 75% of the national average. If this is the case, by 2070, SL in New Plymouth will rise
by 22.5cm (75% of the national RCP2.6 of 30cm) by 2070 (Figure 4).

Figure 13 Adapted from image of four New Zealand-wide sea level rise projections (NIWA, 2017)
A SLR of 20cm in the next 50 years was used as a conservative, lowest emission scenario (RCP2.6)
for Raglan in this study (Table 2). As there are extreme predictions for the west coast of New Zealand
(Ackerley et al. 2013), the other two scenarios used in this study were based on the New Zealand
RCP4.5 and RCP8.5 scenarios of 35cm and 65cn respectively (NIWA, 2017, Figure 4).
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To determine future high tide scenarios, these values were added to the current average high tide for
Raglan over the past five years (provided by Waikato Regional Council). Further, as climate change
affects weather and storm surge patterns, it would be remiss not to include an extreme/storm surge
scenario. Estimating inundation resulting from sea level rise alone is synonymous with the ‘bathtub’
method. Accordingly, the highest recorded tide with the addition of 65cm SLR (RCP8.5) is
representative of a future worst-case scenario and assumed to include storm surge.
Table 2 Indicative Future Sea Level Rise Scenarios

Scenario

SLR by 2070 (cm)

RCP2.6

20

RCP4.5

35

RCP8.5

65
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Projected Inundation and Loss of Intertidal Zone
LIDAR data belonging to Waikato Regional Council was accessed and the DEM files (each covering
2km2) were used. This data was obtained through the University of Auckland geospatial server
(University of Auckland, 2019). Indicative contour lines representing current and future sea level
scenarios were drawn using the ArcGIS ArcMap 10.8.1, ‘Contour List’ tool. A representative polygon
was drawn at each selected environment and the length (along the shoreline) calculated to provide
perspective. The ‘Feature to Polygon’ tool was used to create polygons between the contour lines so
that the area between them within the assessed area could be calculated (Figure 14).
Increased area of inundation or loss of coastal environment was calculated as the area between the
current high tide and future high tide. Extreme inundation was calculated as the difference between
the current high tide and future extreme tide described above (Figure 14).
The current intertidal zone area was measured as the area between the current average low and high
tide contours (Figure 5). Intertidal zone loss was calculated as the area between the future average
low tide and the current average high tide—not the future average high tide, as the current high tide
mark reaches the cliff edge leaving no space for the intertidal zone to retreat/extend.
Illustration
Overlaying the contour polygons on a base map of ‘New Zealand Imagery’, allowed for clearer
illustration of future intertidal zone loss and shoreline inundation scenarios (Figure 14). Profile
photographs of these environments taken while assessing the area on foot as shown above, provide
more detail.

Contour Key
Current High Tide
RCP2.6
RCP4.5
RCP8.5
Highest Recorded
Maximum Tide

Figure 14 Example of the areas between contours (colours) used to
calculate changes in inundation and intertidal zone. Also showing the
change in extent of the intertidal zone area.
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LIDAR Data Information
LIDAR data was acquired by Opus International Consultants using NZ Aerial Mapping’s Optech ALTM
3100EA LiDAR system and Trimble AIC medium format digital camera on the 7 th of November 2010
between the hours of 4 pm and 7 pm at low tide (derived from the NIWA tide forecaster (NIWA. 2019).
Data was collected at a pulse repetition frequency (PRF) of 70 kHz. GPS data was referenced to a
geodetic reference mark maintained at the Raglan Harbour. Data was supplied in terms of the
NZGD2000 geodetic datum. The accuracy of the data was verified during a field survey. Data
processing: sensor positioning and orientation (POS) was determined in the NZGD2000 coordinate
system. LiDAR point clouds were generated in New Zealand Transverse Mercator (NZTM) map
projection but NZGD2000 ellipsoidal heights using Optech DASHMap LiDAR processing software.
This data was classified into ground, first and, intermediate returns.
A land-cover survey was undertaken to verify height accuracy. DEM files were created from a TIN
formed using the classified ground point dataset.
The standard deviation statistic is +/-0.04m, and positional accuracy was confirmed. Height data used
include ellipsoidal, Moturiki 1953 and NZVD2009 data are supplied in terms of NZTM map projection
and Moturiki 1953 vertical datum.
As the LIDAR data was collected when the tide was out (low tide was at approximately 5pm on that
day), (NIWA. 2019), there was no need to filter out water which can affect data accuracy (Schaefer et
al, 2020).

3.4 Statistical Analysis
Statistical analysis was carried out on historical data using R Studio.
The F test
A test of the relationship between x and y with a null hypothesis that β = 0. This enables one to decide
if there is a significant relationship between the variables in the linear regression model of the data set
faithful at a 0.05 significant level (R Tutorial, 2021).
This test was used to determine the significance of trends:
•

New Plymouth satellite SL anomalies

•

Raglan satellite SL anomalies

•

New Plymouth gauge SL anomalies

•

Raglan satellite SST anomalies

•

Waikato West Coast SST anomalies
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The Chow test
This test is used to test if there is a significant difference between the coefficients of two regression
models or datasets. The null hypothesis is rejected if the p value is less than 0.05 (Statology, 2021).
This test was used to compare:
• New Plymouth and Raglan satellite SL trends
• New Plymouth satellite and New Plymouth gauge SL trends
• Raglan SST and Waikato West Coast SST trends
Percentage Change Calculation
Sea Level - Depth
• The difference between the current MSL and the MSL in 1970
• The difference between the current MSL and the projected MSL for each future scenario termed
‘average’ in this study
• The difference between the current highest recorded tide and a future highest tide scenario termed
‘extreme’ in this study
Loss of Intertidal Zone
The percentage loss of intertidal zone was determined by calculating the difference in intertidal zone
area for each scenario, described above.
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3.5 Risk Assessment
The International Union for Conservation of Nature (IUCN) developed a framework for estimating the
risk of an ecosystem collapse, based on percentage change or loss of biotic or abiotic factors (IUCN,
2016). This is called the IUCN Red List of Ecosystems (Figure 15).

Figure 15 Categories C1 and C2 IUCN Red List (IUCN, 2015)

Criterion C of the IUCN Red List of Ecosystems (Figure 15) addresses environmental degradation.
Sub criteria C1 (the past 50 years) and C2a (the next 50 years), on the right side of figure 15, address
the risk of ecosystem collapse associated with a percentage loss of abiotic characteristics or
degradation of an environment during the previous and following 50 years. These categories were
used to estimate the risk levels associated with SLR—changes in depth and loss of intertidal zone.
While species specific sensitivities are not addressed, the tool provides a generalised indication of
risk to an ecosystem. Due to the complex interactions within ecosystems, a decline in some species
will likely have a knock on effect on those less vulnerable.
Although a small change in SST has significant repercussions for living organisms, these percentage
changes are not large enough to show significant vulnerability using the IUCN Red List of
Ecosystems. The significance of these results has therefore not been evaluated with this tool.
Further, as percentage change in inundation is not possible to calculate, given the baseline would
have to be zero inundation at high tide, these results have not been evaluated using this tool.
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3.6 Risk to Economically Important Environments
Using the calculated area of inundation and associated illustrations, the risk to key features without
which certain activities or other economically important factors would no longer be viable was
assessed and discussed. No further evaluations were carried out as that is beyond the scope of the
current research.

3.7 Relevant Considerations
Land motion by tectonic processes, proximity to the melting polar ice and altered gravitational fields
are relevant to SLR for New Zealand in particular, notwithstanding seasonal variation and currents
(Ackerley et al. 2013). MSL data and SL projections provided by NIWA account for land motion
(NIWA, 2017). As this study used data averaged over many years, the increases and decreases
caused by these variables were not accounted for, as the main focus of this study was to assess
whether or not an overall change occurred over a certain time period irrespective of the fluctuations in
between.
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CHAPTER FOUR – HISTORICAL SEA SURFACE TEMPERATURE
4.1 Assessment of SST Patterns and Trends
Comparison of Beach and Estuarine Patterns
As consistent long term SST data measurements at Raglan are not available, satellite SST data was
used. The satellite data however, measures ocean (beach) SST as opposed to estuary SST. It was
therefore important to assess whether the SST patterns in the two locations are comparable. The
limited consistent gauge SST measurements were compared to the beach satellite SST
measurements over the same period.
Beach and estuarine SST patterns are similar (Figure 16), consequently, the beach SST trend was
considered representative of the estuarine SST trend. As expected, coastal sea surface temperature
(beach) is slightly cooler than that measured in the estuary (Figure 16). The estuary is more
protected, with a larger proportion of shallow water, for longer periods, so less mixing with cooler
water. SST patterns over time were similar at the two locations (Figure 16). As the beach SST trend
was considered representative of that in the estuary, available satellite SST measurements for the
harbour (beach) were used to determine historical SST trends for the Raglan estuary.

Figure 16 Comparison of Raglan estuarine gauge and beach satellite annual average
SST measurements. The patterns are similar.
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Satellite Data Quality Assessment
Furthermore, as the SST trend along the west coast of the north island is similar (Sutton & Bowen,
2019), the satellite SST trend for the west coast was expected to be similar to that of Raglan beach.
As data for both was available, for completeness, the two time series were also compared to assess
data quality overall (Table 3 and Figure 17). The two full datasets are illustrated in Figure 17,
however, when comparing the trends statistically using the Chow Test, the Raglan dataset was
reduced so that the dataset timeframes were the same. While the trend for Raglan beach was slightly
higher, the trends were both extremely significant (P<0.01) and not significantly different (p>0.5) as
expected (Table 3). The SST trend for Raglan during the period 1981 - 2020, was 0.027°C/year
(Table 3). This result is analogous to that reported by Sutton & Bowen (2019) who showed a trend of
approximately 0.22 - 0.24°C per decade between 1981 and 2017.
Table 3 West Coast and Raglan SST Trends Over 38 and 40 years - Analysis and Comparison
Test, Location & Time Frame

Coefficient

F Value

P Value

F Test, Raglan Beach (40 years)

0.0266

18.32

0.0001

F Test, Raglan Beach (36 years)

0.0274

15.84

0.0003

F Test, West Coast (36 years)

0.0205

8.388

0.0065

Chow Test Trend Comparison (36 years)

0.7825

Figure 17 Raglan and Waikato West Coast annual average satellite SST trends are
significan (P<0.001) but not significantly different from one another (P>0.05).
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4.2 Change in SST Over the Past 50 Years
The Raglan beach SST trend was used to calculate the change in SST at Raglan over the last 50
years. In Table 4 an extrapolation of this trend translates to an increase in SST of 1.03 - 1.63°C over
50 years (1970 - 2020). This result is substantially higher than those reported by Hoegh-Guldberg et
al. (2013) for three oceans—the highest being 0.65°C for the Indian ocean between 1950 and 2009
(60 years). They also reported rates >0.1°C per decade between 1971 and 2010.
While the trend reported in this study is significant, it should be acknowledged that the rate of
temperature increase is changing and perhaps using one trend over 50 years has potential
shortcomings. Furthermore, the increase in SST around the coast near Raglan may have been higher
than the average rate for these oceans (Hoegh-Guldberg et al. 2013). The SST records reported for
the three oceans are lower than the historical values illustrated in Figure 5 based on 1960 - 2005.
For some living organisms, a change in temperature of 6.3 - 10.3% (Table 4) may be substantial.
Coastal environments have narrow temperature variation (Brierley & Kingford, 2003) and moderate
changes in temperature affect biological and distribution processes (Hoegh-Guldberg & Bruno, 2010).
However, further long-term studies are required to determine the ability of organisms to adapt over a
period as short as 50 years as lifespan is likely a contributing factor.
Table 4 Change in SST Over 50 Yeaars Based on the Average of the Last 5 Years - 17.42°C

Trend ± Std Error

Change Over 50
Years

Extrapolated Avg (50 yrs.
ago)

Percent Change

0.0266 ± 0.006

1.03 - 1.63°C

15.79 - 16.39°C

6.3 - 10.3%

* Extrapolated historical average value range: (17.42-1.63) to (17.42-1.03)°C.
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CHAPTER FIVE - HISTORICAL SEA LEVEL RISE
5.1 Assessment of Satellite and Gauge Trends
New Plymouth (NP) and Raglan Satellite Trends
Long-term SL gauge measurements at Raglan are largely unavailable and inconsistent. As previously
discussed, the closest gauge to Raglan with reliable long-term measurements is New Plymouth.
Reliable SL gauge measurements are more desirable to use than satellite measurements; reported
current MSL and SLR for New Zealand locations is based on gauge measurements (NIWA, 2017;
STATS NZ, 2019).. As the most reliable long-term SL data for Raglan is measured by satellite, Raglan
and New Plymouth SL trends measured by satellite were first compared (Figure 18). Trends were
statistically assessed for significance using the F test and compared using the Chow test. Both trends
are extremely significant but not sifnificantly different from one another (Table 5).

Figure 18 New Plymouth SL satellite and Raglan SL satellite trends are both
significant (P<0.01), but not significantly different from one another (P>0.05).

Table 5 New Plymouth and Raglan Satellite SL Trend Analysis and Comparison
Test, Location & Time Frame

Coefficient

F Value

P Value

F Test, New Plymouth satellite (28 years)

0.00406

59.24

3.622e-08

F Test, Raglan Beach (28 years)

0.00488

75.89

3.453e-09

0.57069

0.57069

Chow Test Trend Comparison
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New Plymouth Gauge SL Trend
To remove the effects of variability caused by natural processes, the New Plymouth SL gauge data
was smoothed manually (Figure 19). Five yearly data points (two on either side of each data point)
were averaged. Trends for the smoothed and actual New Plymouth gauge measurements were
determined, statistically assessed for significance using the F test and compared using the Chow test
(Table 6). Both trends are significant and while the smoothed trend is more significant than the actual
trend, the trends are not significantly different (Table 6). Fluctuations over the years were not
significant enough to require smoothing the data and the actual trend was used.

Figure 19 New Plymouth annual average SL gauge actual and smoothed
measurements and trends. Trend analysis: Actual and smoothed (P<0.05) trend were
not significantly different P>0.05).

Table 6 New Plymouth SL Gauge Actual and Smoothed Trend Analysis and Comparison
Test, Location & Time Frame

Coefficient

F Value

P Value

F Test, New Plymouth actual (26 years)

0.00247

4.567

0.04299

F Test, New Plymouth smoothed (26
years)

0.00269

7.694

0.01055

0.01267

0.98741

Chow Test Trend Comparison
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Trend Comparisons
To ensure the New Plymouth gauge data was representative of Raglan SLR, required further trend
comparison. The New Plymouth gauge and satellite trends (Figure 20), as well as the New Plymouth
gauge and Raglan satellite trends were compared (Figure 21). The satellite data was measured over
28 years and the NP gauge data over 26 years (only to 2018). For accurate comparison, the satellite
data was reduced to 26 years (Table 7). Comparison of the satellite trends (with the same time
frames this time) was repeated (Table 7).

Figure 20 New Plymouth annual average SL gauge and satellite trends over the same
time frame (26 years) are not significantly different (P>0.05).

Table 7 New Plymouth Gauge and Satellite & Raglan Satellite SLA Trend Analysis and Comparison
Location and Source

Coefficient

F Value

P Value

Raglan Satellite Trend over 26 years

0.00508

62.08

4.13e-08

NP Satellite Trend over 26 years

0.0044

56.46

9.39e-08

NP Gauge Trend

0.0025

4.57

0.04299

Chow Test Trend Comparison: Raglan and NP
Satellite

0.5707

Chow Test Trend Comparison: NP Gauge and NP
Satellite

0.3207

Chow Test Trend Comparison: Raglan satellite and
NP Gauge

0.1542
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Figure 21 Comparison of the New Plymouth gauge, New Plymouth satellite and Raglan
satellite annual average.
SL trends. All trends are not significantly different (P>0.05).
For completeness and ease of comparison all three trendlines are illustrated over the same time
periods in Figure 21. The New Plymouth gauge and satellite trends are not significantly different and
the New Plymouth satellite and Ragland satellite trends are not significantly different. In addition, the
Raglan satellite and New Plymouth gauge trends are not significantly different (Table 7).
Consequently, the New Plymouth gauge trend can be used as indicative of the Raglan SLR trend.
The New Plymouth gauge measurements over only 26 years show great variability in sea level
(Figures 19 - 21). This is likely associated with ocean processes; the El Niño Southern Oscillation and
Interdecadal Pacific Oscillations (Bell et al. 2001). Notwithstanding, the SL anomaly trend is still
significant (P<0.05). Smoothing the data did not improve the significance of the trend as the smoothed
and actual data trends were not significantly different (P>0.5), (Table 7).
Although the patterns of the New Plymouth satellite and gauge SL measurements are slightly different
(Figure 20) the trends are not significantly different (P>0.05) (Table 7). Measured over the same time
period, the Raglan satellite SL trend is not significantly different (P>0.05) to the New Plymouth gauge
and satellite trends (Figure 21 and Table 7). The satellite trends do seem steeper than the gauge
measurement trend (Figure 21), this may be due to the extended period of low sea level anomalies of
the gauge measurement compared to the satellite measurements between 2005 and 2012 (Figures
20 and 21). There may have been activity that affected or were adjusted for by the gauge but not the
satellite, such as seismic activity.
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5.2 Change in SL Over the Past 50 Years
A trend of 0.0024 ± 0.001m/yr equates to a change of 0.12 ± 0.05m over 50 years. Consequently,
based on the current MSL (2000 - 2019) of 0.16m above the MVD (personal communication, Bell, R
(2021), 50 years ago the relative MSL would have been 0.04 ± 0.05m. Percentage change in MSL
relative to the MVD would be inordinately large due to the small numbers. Instead, a more relevant
percentage change in high tide height was calculated; using the average high tide over the last five
years of 1.436m (data provided by WRC, 2021). Fifty years ago, the average high tide would
therefore have been 1.316 ± 0.05m, a percentage change of ± 9% (Table 8).
The New Plymouth gauge trend between 1993 and 2018 was 0.0024 ± 0.001m/yr (Table 8), this is
higher than the trend of 1.5 ± 0.2mm/yr reported by Hannah & Bell, (2012). This may be because the
latter was determined over a longer period with the steepest trend occurring more recently (Stats NZ,
2019). This trend (0.0024 ± 0.001m/yr) was applied to the current average high tide gauge
measurement (past five years) for Raglan, to determine the average high tide 50 years ago. This
showed an increase in high tide of 0.12 ± 0.05m (Table 8). While a ± 13cm (± 9%) change in depth at
high tide does not equate to a ‘vulnerable’ status on the IUCN Red List of Ecosystems, the change in
environmental inundation over the last 50 years as a result, may have had adverse effects on certain
environments or infrastructure.
Table 8 Raglan Change in SL Over The Past 50 Years

NP Gauge
Trend
± Std Error

Current
Average High
Tide

Change Over 50
Years

Extrapolated
High Tide 50
Years Ago

Percent Change

0.0024 ± 0.001

1.436m

0.12 ± 0.05m

1.316 ± 0.05m

± 9%
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CHAPTER SIX – FUTURE SEA SURFACE TEMPERATURE
6.1 Future Scenarios
The global projection (Figure 4) for RCP2.6 indicates a 0.8°C increase in SST by 2070. The New
Zealand projections (Figure 5) for RCP 2.6 show that SST will rise by just under 1°C. This is an
average of all NZ regions. However, Sutton & Bowen (2019) reported great variation in warming
around New Zealand, with the area around Raglan showing intermediate warming. The 2.6 scenario
of 1°C in the next 50 years used in this study is based on all these findings.
The RCP4.5 scenario used in this study is based on RCP4.5 and RCP6 global projections—tracking
towards 1.1°C by 2070 (Figure 4) if the trend were to continue as is. This is unlikely, with the
prediction of global SST rise at the end of the century, being 1.8 - 3.3°C higher than that at RCP2.6
(Hoegh-Guldberg et al. 2013). The upper limits of the SST rise by 2070 for RCP4.5 in the Pacific
Ocean is ± 1.3°C (Figure 2). In addition, the New Zealand average regional projection is just above
1°C (Figure 5). The RCP4.5 scenario in this study (1.6°C) is an intermediate level between likely at
RCP2.6 and an extreme worst case scenario at RCP8.5.
The RCP8.5 global SST projections increase dramatically (increase of 1.5 - 2.2°C) by 2060
(Figure 4), possibly tracking towards an increase of 3.3°C by 2100 (Hoegh-Guldberg et al. 2013). The
New Zealand regional average RCP8.5 projection is 1.5 - 2°C (Figure 5). In this study a conservative
RCP8.5 of 2°C was used.
6.2 Projected Sea Surface Temperature
Table 9 Projected SST Change Over The Next 50 Years

Future Scenarios
Scenarios
Increase
Projection for 2070
Percent Change

Average Global (°C)

NZ Region

Tasman/Pacific
extreme (8.5)

Conservative

Likely

Extreme

1

1.6

2

18.42

19.02

19.42

6

9

11.5

* Based on a change from the recent (five year) average satellite SST measurements of 17.42°C.
The percentage change in SST is relatively small for all future scenarios (6-11.5%). This is based on
the change from the current average (recent five years) satellite measurement at Raglan of 17.42°C
(Table 9), The actual temperature for Raglan estuary is slightly higher (Figure 16) and therefore the
percentage changes would be even lower, if local absolute temperatures were available for the past
five years. As discussed in the methods section, due to the relatively small percentage change in
SST, the IUCN Red List is inappropriate to use.
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As moderate changes in temperature affect biological and distribution processes (Hoegh-Guldberg &
Bruno, 2010), such small changes can have unfavourable effects. Raglan temperatures measured at
the beach and estuary by gauge and by satellite (Figures 16 and 17) show natural variability of up to
3.5°C (measured) and at least 1°C (satellite) in a year. All measurements of SST for this area seem to
fluctuate greatly. This may mean that the biota in this area have wide thermal tolerances; matching
the temperature variability within their environment. However, when the temperatures exceed those
ranges they may not be able to acclimatise successfully (Poloczanska et al., 2016).
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CHAPTER SEVEN – FUTURE SEA LEVEL
7.1 Future Scenarios
The future scenarios used in this study accounted for the prediction that SLR around New Zealand
will be slightly (5-10%) higher than the GMSLR (Ackerley et al. 2013; Kopp et al. 2014). In addition, it
is projected that the SLR on the west coast of New Zealand will be the highest (Ackerley et al. 2013).
The global SLR prediction for RCP2.6 in 2070 is ± 30cm (Figure 7). Similarly, the New Zealand
specific prediction for RCP2.6 in 2070 is also ± 30cm (Figure 13). However, consideration was given
to the current New Plymouth trend which is tracking at approximately 75% of the national SLR. A
conservative SLR of 20cm for RCP2.6 was used in this study.
The combined RCP4.5 and 6.0 GMSLR projection for SLR in 2070 is ± 35cm (Figure 7), while the
New Zealand wide RCP4.5 in 2070 is also approximately 35cm (Figure 13). The projections for the
west coast of New Zealand as well as the steeper SLR at RCP4.5 compared to that at RCP2.6
(Figures 7 and 13) were considered. Even though New Plymouth is currently tracking at
approximately 75% of the New Zealand average SLR, by 2070 at RCP4.5 the rate is likely to have
increased in accordance with predictions for the west coast. An RCP4.5 of 35cm for 2070 is therefore
still considered conservative.
The extreme RCP8.5 scenario for GMSLR at 2070 is projected to be 45 - 55cm (Figure 7). For New
Zealand the projection is 65cm (Figure 13), which aligns with the predictions for New Zealand
(Ackerley et al. 2013; Kopp et al. 2014). A conservative RCP8.5 of 65cm for Raglan on the west coast
was used in this study.
It was beyond the scope of this study to carry out additional analyses using storm surge projections.
However, in acknowledgement of the effects of storm and extreme rainfall events (WRC, 2007), an
extreme scenario is considered using the highest recorded tide. A worst case scenario termed
‘maximum tide’ combines RCP8.5 with the highest recorded tide. Only the inundation of this
‘maximum tide’ was assessed and illustrated.
Rouse et al. (2017) stated that the top three climate change related risks for New Zealand are the
threat to coastal communities, infrastructure and low-lying ecosystems. This part of the study aims to
address this, assessing relevant environments to provide useful information for risk mitigation. It is
noteworthy that while this study addresses the increase in SLR for the next 50 years to 2070, the
greatest proportion of GMSLR predicted by 2100, will occur in the last 20 years of the century
(IPCC,2013).
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7.2 Change in Depth

Figure 22 Mussel beds off Lorenzan Bay at mid-tide (12:05pm) Sunday 5th
December 2020, two days before full moon (low tide: 9:43am, hightide:
3:59pm). These will be completely covered at mid and hight tide in 50 years
even at RCP 2.6 (20cm).

In this study the ‘extreme’ tide for each future scenario represents SLR under extreme
circumstances—the highest recorded high tide plus the associated scenario SLR. ‘Extreme’ at
RCP8.5 is referred to as ‘maximum tide’ and assumed to include storm surge. While the RCP8.5
(65cm) is not as high as some predict, when added to an extraordinarily high tide, it provides an
indication of a worst-case scenario (Table 10).
For scenarios RCP4.5 and 8.5 the increase in depth is 24% and 45% respectively (Table 10).
Although at RCP4.5 the status is not quite vulnerable per the IUCN Red List of Ecosystems, the
environment will change. Biota not usually submerged at high tide will be in the future, and those
living within the intertidal zone will be in deeper water. Deeper water will affect light penetration and
consequently temperature, which could have implications for reproduction (Poloczanska et al., 2016),
nutrient flux (Brierley & Kingsford, 2009), photosynthesis and other processes.

Table 10 Future RCP Scenarios and Tides Based on the Current Average High Tide and Highest
Recorded Tide Measured at Raglan Wharf (Relative to Moturiki Vertical Datum)
Current High Tide Heights
Scenarios

Average High Tide: 1.436m
RCP 2.6

RCP 4.5

RCP 8.5

20cm

35cm

65cm

SLR Projections
Tides
Projected Tide levels (m)
Percent Change in Depth (%)

Highest Tide: 2.647m

Average

Extreme

Average

Extreme

Average

Extreme

1.636

2.847

1.786

2.997

2.086

3.297

14

8

24

13

45

25
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Further, as under RCP8.5, the average high tide is projected to increase substantially (45%), biota
that are not usually covered by water at high tide will be submerged in the future. At RCP8.5 the
ecosystem risk status is ‘vulnerable’. This means that the likelihood of an ecosystem adapting to the
new environment is very low. New ecosystems are likely to take the place of those that fail to survive
the new conditions. This may have positive or negative results depending on ecosystem value,
services and broad ranging effects of such a transition. While this study provides an indication of risk,
further defining ecosystems within the intertidal zone and using the IUCN Red List of Ecosystems
would be useful.
It is important to note that the calculation of a 45% change in depth is based on a 65cm increase from
1.436m (Table 10). However, in the intertidal zone closer to the shore the depth is not 1.436m, it is
shallower and an increase of 65cm is likely closer to 100%. This would change the risk status to
‘critical’ on the IUCN Red List of Ecosystems. Noteworthy, is that the intertidal zone has numerous
ecosystems at different depths and distances from the shore. While this study provides an indication
of risk, further defining ecosystems within the intertidal zone and using the IUCN Red List of
Ecosystems would be useful.
For all scenarios, the ‘extreme’ tide increases are below 26% (Table 10), indicating that an
extraordinarily high tide at future scenarios will not be substantially higher than the current highest
high tide. As these events are short lived, assessing risk of ecosystem collapse during these events
using the Red List criteria C is unlikely to be relevant. Furthermore, the ‘extreme’ events will cause
extreme changes in depth for a limited time and are more likely to alter the entire environment due to
shifts in sediment and erosion.
Under all future scenarios, biota with specific light requirements may be compromised, as well as
those that can survive only brief periods of submergence. This is likely to affect all ecosystem
components. An example of this are the mussel (Figure 22) and oyster beds just past the intertidal
zone at Raglan.
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7.3 LIDAR Data Analysis
7.3.1 Change in Inundation Under Future Sea Level Rise Scenarios
Different environments were assessed to illustrate a range of inundation effects due to SLR. Table 11
is a summary of the results obtained and illustrated in this section.
Table 11 Change in Environment Inundation Under Future Scenarios
Change in Inundated Area (m2)
Environment & Length of Assessment Area (m)
RCP 8.5

RCP 4.5

RCP 2.6

Max

Pohutukawa behind Museum (22m)

65

44

28

39

Mangroves behind museum (21m)

62

42

26

33

Joyce Petchel Park beach (65m)

130

86

56

71

Cove off Cliff Street (103m)

218

53

31

70

Cox Bay Shoreline Vegetation and Seagrass (77m)

49

28

16

44

78

62

45

15

Marine Pde (East Side) Behind Skate Park (250m)

1781

445

277

2321

Estuary Parallel to Marine Parade (127m)

149

78

45

544

Wainui Road (After Joyce Petchel Park) (606m)

683

409

253

550

Wallis Street (181m)

1019

371

221

3104

Wallis Street Overflow

1571

898

293

NC

Wharf (76m)

134

87

58

<2879

Peninsula Lorenzan & Moonlight Bays per (96m)

66

40

26

41

1794

968

571

NC

297

224

151

115

Skate/community Area (292m)

4769

3600

2776

4882

Joyce Petchel Park, Museum, Fire Station (65m)

130

86

56

71

Ecosystems

Roads & Housing
Maori Leasehold (32m along Riria Memorial Dr)

Okete Bay ( 333m perimeter of peninsula)
Cultural
Te Kopua Whanau Camp (121m)
Community

* Max is the increase in inundation from the current highest high tide
** Results for environments written in bold have been illustrated and described, other results are
described below.
*** NC means no contour; the specific ground height is not present in the assessment area.
Table 11 presents the increased area of inundation for each future scenario, for each environment as
described in the methods section. The length along which the area has been calculated has been
provided to give context to the projected inundation.
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Future Inundation
The future inundation of environments reported in this section are indicative only, given the
assumption of a static shoreline using the ‘bathtub’ method.
Description of non-illustrated Natural Environments / Ecosystems
The environments assessed in this study were introduced in the methods section (Figure 11).
• The Pohutukawas are attached to the side of a low ridge (Figure 23)
• The mangroves are on a flat intertidal zone surrounded by ridges and pavements (Figure 24)
• Joyce Petchel Park beach (Figure 25) is a sloped environment with an abundance of diverse
vegetation growing between the current high tide mark and a very steep ridge
• At Cox Bay, a small strip of vegetation and seagrass are at the base of a steep ridge (Figure 33)
• The cove off Cliff street is at the foot of a very steep ridge with extensive clay, seagrass and rocks,
a habitat for bivalves and crabs (Figure 34) living below the current high tide mark
Inundation of Environments not Illustrated
At Cox Bay the increased area of inundation at RCP8.5 is only 49m2 over 77m (Table 11). While at
RCP 8.5 the vegetation on the ridge will be unaffected, the sea grass will be submerged in deeper
water. The difference in inundation between ‘maximum tide’ and the current highest high tide is
minimal (44m2) due to the steep slope of the ridge.
The cove off Cliff street has minimal change in inundation under RCPs 2.6 and 4.5. However, at
RCP8.5 the increased inundation is substantial (218m2 over 103m) (Table 11). At RCP8.5 the water
will advance over 2m where the ridge is less steep, almost as far as the highest high tide
(Figure 34B). At this level of inundation biota that prefer periodic submergence in shallow water will be
completely submerged in deeper water for longer periods. The ‘Max’ Inundation at ‘maximum tide’ is
not notably different.
Ecosystems on low lying, gently sloping shorelines are shown to have an increased inundation at
RCP8.5 of 2 - 3m. For example, the mangrove environment – length assessed: 21m, increased area
of inundation: 62m2 (Table 11 and Figure 24). Inundation of steep ridges e.g. at Cox Bay and Cliff
street is less (Table 11, Figures 33 and 34).
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Illustrations of Natural Environment / Ecosystem Inundation
Environments where projected inundation is substantial or where affected biota cannot retreat
landwards are illustrated below.

A

B

C

Figure 23 Pohutukawa trees growing on the edge of and rooted to the side of the elevated
shoreline A Inundation of full length of assessed area. B Zoomed in area of inundation. C Image
showing large branches and water line with mangroves below. There is risk of erosion and
resulting loss of substrate for the trees.

Key
Current High Tide

RCP2.6

RCP4.5

RCP8.5

Highest Recordedd & Max

The above Pohutukawa environment (Figure 23) is also indicative of future inundation of the
Pohutukawas between Joyce Petchel Park and the museum. The contour lines on Figures 23A and
23B show the projected high tides for future scenarios. Over all scenarios, the greatest increase in
•
inundation compared to the current high tide is 65m2 at RCP8.5 (Table 11); the high tide mark will
•
advance
an additional 3m (Figures 23A and 23B).
The
• base map over which the contours have been laid may make it seem that the new heights are
above the trees which is not the case. The contour lines illustrate where the water will advance to and
•
not the height of the water relative to the images on the base map.
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The Pohutukawa trees are on a low ridge with their roots embedded in the side of the ridge—in
Figure 23C branches of the Pohutukawa trees extend over the water. At RCP8.5 the ridge will be
inundated by an additional 3m. Figures 23A and 23B show consistent increases in inundation (± 1m)
between scenarios from the current average high tide (black contour) to that at RCP8.5 (green
contour). As SLR at RCP8.5 (65cm) is almost double that at RCP4.5 (35cm), this shows that while the
ridge is low, the steepness of the ridge near the top prevents greater inundation at RCP8.5. Under all
scenarios the trees may be at risk of losing their substrate considering the observation by Rouse et al.
(2017), that increased frequency of sea inundation will exacerbate the erosion and retreat of soft
shorelines.
The red zone shows the increase in inundation at ‘maximum tide’ compared to the current highest
tide. Once again, the steepness of the ridge at this height protects against an extensive increase in
inundation (only ± 1.5m increase). Figure23A shows all contours drawing closer where the ridge is
steepest. It is noteworthy that the red zone is extremely close to the edge of the information
centre/museum (bottom left of Figure 23A).
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A

Figure 24
Mangroves growing
in front of the fire
station, museum and
Pohutukawa trees. A
Inundation of full
length of assed area.
B Zoomed in area of
inundation. C View
from ridge. D View of
mangroves from the
side, the fire station
is in the background.

B

C

Current High Tide

D

RCP2.6

RCP4.5

RCP8.5

Highest Recorded & Max

At this mangrove environment (Figure 24), change in depth will likely have the greatest impact on the
mangroves as opposed to inundation. Depending on the future scenario and their size, these
mangroves may be at risk.
•
•
•
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As the mangrove environment is in front of the Pohutukawa trees, the change in inundation between
scenarios is similar. Figure 24C is a view of the mangroves from the ridge behind them. The
mangroves in the water an hour before high tide (Figure 24D), would be in deep water at high tide
under RCP8.5; the high tide mark would advance by 3m.
A change in depth of 45% in an environment, gives a status ‘vulnerable’ on the IUCN Red List of
Ecosystems. As discussed above, the change in depth closer to the shore where the mangroves are,
would likely be greater. Similarly, at RCP4.5 (pink contour) and RCP2.6 (yellow contour), the change
in depth at high tide of 24% and 14% respectively (Table 11) for the mangroves, is likely
underestimated.
This mangrove habitat is on a corner surrounded by a paved roadside walkway (Figure 24A). This
creates a barrier to any adaptive landward retreat, as per the previous assertions and reports of Fujii
& Raffaelli (2008) and Orchard et al. (2020). At RCP8.5 they may not survive unless they adapt in the
same way as those at Firth of Thames (Roskoden et al., 2020). However, the mangroves further out
in the intertidal zone have space to retreat landwards; this would need to be at the same rate as the
sea level rise. The mangroves are likely to survive extreme high tide events given their brevity. In
addition, the difference in inundation at ‘maximum tide’ is small (Table 11).
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A

C

D

B

E

F

T

Figure 25 Joyce Petchel Park Beach. A Zoomed in area of inundation of the beach in front of
Joyce Petchel Park. B Entire assessed area of inundation and intertidal zone. C Measuring stick
at high tide mark. D Stair access from Joyce Petchel Park. E Bottom of stairs and water level two
hours before high tide. F Rich vegetation to the left of the stairs.

Current Low/High Tide

RCP2.6

RCP4.5

RCP8.5

Highest Recorded & Max

The beach below Joyce Petchel Park (Figure 25) is at the bottom of a steep ridge and accessed by a
stairway (Figure 25D). This cove is small and the current high tide mark reaches the first vertical pole
of the stairway ± 2m from the ridge (Figure 25C). Figure 25A illustrates the variability in inundation
•
depending on the slope of the beach. Here the difference in inundation between the current high tide
(black
contour) and the three scenarios (RCP2.6 yellow, RCP4.5 pink and RCP8.5 green) is
•
consistent with the relative SLR values. This is difficult to see on Figures 25A and 25B due to the
•
scales, however, the differences in area of inundation (Table 11) illustrate this well; indicating very
little
• slope up to the RCP8.5 inundation.
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Figures 25D - 25F show the water level 1.5 hours before high tide. At RCP8.5 the first three steps will
be under water (Figure 25C) and the water will reach the small trees and bushes growing at the base
of the ridge. The seagrass and other biota living in the current high tide zone will be completely
submerged in deeper water and for longer at all future scenarios. Figure 25B shows that while the
intertidal zone is extensive, this small habitat on the edge may be affected by the adaptive retreat
landwards of other biota.
Under these future scenarios the water will advance 0.75 - 1.75m. The measuring stick at the high
tide mark shows that a 65cm (RCP8.5) increase in depth will submerge the lower three steps as well
as vegetation that is not naturally intermittently submerged. At RCP8.5, the vegetation at the current
high tide mark will be completely inundated for prolonged periods. Hemmed in by a ridge, the
vegetation cannot retreat landwards. At the current highest tide, the water advances over 2m beyond
the average high tide. During a ‘maximum tide’ the water will advance a further 1m (Figure 25A). Even
at these extremely high tides (red zone), the park above is protected by the steep ridge (Figure 25A).
Furthermore, this level of inundation is unlikely to cause erosion of the ridge, as the vegetation cover
will likely be protective.
Environments along steeper, higher ridges are more protected and cannot be inundated by even the
most extreme sea levels (e.g. Cox Bay with increased inundation at RCP8.5 of only half a metre,
Figure 33A). The increase in inundation at ‘maximum tide’ for most ecosystems is only 1 - 1.5m
greater than at the current highest high tide (e.g. Joyce Petchel Park beach - length assessed: 65m,
increase in inundation: 71m2, Table 11). These results illustrate the risk associated with SLR for low
lying shorelines such as estuaries (MfE, 2017), with increased inundation affecting mangroves,
seagrasses and saltmarshes (Schaefer et al. 2020).
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Descriotion of Roads and Housing Environments
A broad range of environments were assessed (Figure 11) to illustrate the likely effects of SLR on
different built environments (Table 11).
• On the open coast a Maori leasehold with a history of flooding sits high above the beach
• Two main roads with different proximities to the shore. Wainui road runs along the shoreline with
substantial vegetation or housing between the road and water. It crosses a bridge leading to Marine
Parade on the other side of a branch of the estuary. Wallis street (Figures 26 and 27) is only near
the water when it crosses a bridge separating a beach and overflow area.
• The Wharf (Figure 28) is an economically important location with shops, restaurants, a dock for
large fishing boats and a jetty
• Two low lying locations protruding into the water were assessed; the peninsula between Lorenzan
and Moonlight Bays (Figure 29) and Okete Bay peninsula (Figure 30).
Inundation of Environments not Illustrated
The Maori leasehold is the only house on the seaward side of the road. At RCP8.5, the high tide will
inundate an additional 78m2 over 32m (Table 11). While the water will advance over 2m at some
points, due to the height of the ridge the house is unlikely to be at risk of flooding. In the case of an
extreme tide at RCP8.5, the area of inundation is not substantially greater (15m2) than at the current
highest tide (Table 11).
Although historically this house had to be vacated due to flooding (personal communication, Raglan
Harbour Tours), at both RCP8.5 and at maximum tide, the house is not shown to be at risk of flooding
assuming current conditions and ridge stability in 50 years; unlikely due to the effects of SLR.
This change in inundation relative to the house is likely due to the history of extreme fluctuations in
this area; alternating periods of erosion and accretion with dune-line fluctuations reported by WRC,
(2007). This also highlights the danger of making decisions based on assessments carried out too far
in advance. While this risk analysis provides valuable information, the analysis should be repeated
regularly to ensure the projections are still correct.
Marine Parade leads to the community area parallel to a branch of the estuary on its east side. Similar
to the community recreation area (Figure 32), at RCP4.5 there is a notable increase in inundation.
Water will advance over the beach to the roadside car parks. At RCP8.5 the increased inundation of
1781m2 over 250m (Table 11) will submerge Marine Parade and the car parks on the other side—
almost as far as the current highest tide. A ‘maximum tide’ at RCP8.5 will inundate 2321m 2 more than
the current highest tide (Table 11) with water covering part of the aerodrome.
The houses on the estuary parallel to Marine Parade are elevated and not at risk of flooding at
RCP8.5. However, if the ridge erodes due to the increased inundation it may collapse, compromising
the edges of these properties. This is likely at ‘maximum tide’ when the area of inundation increases
by 544m2 over 127m (Table 11).

51

Wainui road leads out of town along a shoreline which appears to be eroding. At RCP8.5, the water
will advance ± 1m and almost double that at ‘maximum tide’ (Table 11). However, the shoreline is
sufficiently far from Wainui Road not to be of concern for commuters.
When comparing both sides of the estuary between Marine Parade and Wainui road there is a huge
difference in inundation at all RCP scenarios (Table 11). The Wainui side of the estuary is steeper
with lower risk associated with inundation, yet higher risk of increased erosion. This is another
illustration of risk to low lying, sandy shores.
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Illustrations of Roads and Housing Inundation

A

B

C

D

E

Figure 26 Wallis street shoreline. A Inundation of full length of assed area. B Grass starts 60cm
above current high tide mark C Zoomed in area of inundation showing public access stairs D View
of road from beach. E High tide with entry to the overflow area behind at the white sign,

Current High Tide

RCP2.6

RCP4.5

RCP8.5
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Figure 26 illustrates future inundation of Wallis street beach, Figure 26C showis that on both sides of
the bay there is a steep slope preventing extensive inundation. On the right hand side, the red zone
shows that at the current highest tide and future ‘maximum tide’ (red zone), the houses will not be at
risk of flooding. The steepness on the sides of the bay is highlighted by the proximity of the contour
lines (Figure26C). The left side, which is lower, shows a slightly greater inundation at RCP8.5 (green
contour). There are no red contours on this side as they extend beyond this image.
Wallis street crosses the bridge alongside the beach, over the outlet leading to the overflow area
(Figure 26E). The height of the bridge and sides of the bay largely prevents extensive inundation at
RCP2.6 (yellow contour) and RCP4.5 (pink contour). However, at RCP8.5 (almost double RCP4.5),
the inundation is substantial. In addition, the inundation at ‘maximum tide’ is far greater than the
current highest tide (Table 11).
While the bridge has been fortified and is relatively steep, it is not high (Figure 26E). At RCP8.5 the
water level will reach the grass just above the stone/meshed barrier preventing erosion at high tide
(Figure 26B). At the current highest tide, water will reach the road and at ‘maximum tide’ the bridge
will be completely inundated (Figure 26A).
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C

Figure 27 Wallis Street overflow. A Inundation of full length of assessed area. B Overflow area at
low tide. C Mid tide view of overflow inlet from the water.
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Figure 27 shows that the change in inundation at the Wallis street overflow is similar to that above
(Figure 26), with the steeper sides preventing extensive inundation of properties (Figure 27A).
However, the grassy verge on this side of the bridge is wider with a gradual slope down to the
•
overflow. As this area is less steep there is greater inundation at RCP8.5 than on the beach side
(Figures
27A and 27B).
•
At• RCP8.5 high tide will inundate the grass on the roadside as well as the lower edge of residential
gardens. The current highest tide and ‘maximum tide’ contours are not drawn as the ridge
•
surrounding
the overflow is steep (these ground heights are not present in this assessment area).
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Figure 28 Wharf car parks, sheds and restaurants. A Inundation of full length of assessed area.
B Zoomed in inundation of shoreline car park C Cement and rock below car park in front of sheds.
D Road height above the high tide mark (approximately 1.2m). E Beach below the road.

Current High Tide

RCP2.6

RCP4.5

RCP8.5

Highest Recorded & Max

Figure 28 illustrates future inundation of the Wharf. Figure 28C shows that the beach at the Wharf has
a sandy slope leading up to the road and car park. Down the road this has been reinforced to prevent
erosion (Figure 28E). Near the Wharf car park the current high tide (black contour) is at the rocks at
•
the edge of the car park preventing erosion (±1m below the car park, Figure 28D). At RCP8.5, the
•
water
reaches the edge of the car park (green contour, Figure 28B) and the Pohutukawa trees at the
high
• tide mark (Figure 28E) will be in relatively deep water.
When
•
comparing the three scenarios (Figure 28B), inundation does not correspond to the increase in
SL (Table 11). This is due to the steepening slope close to the high tide mark/edge of car park.
However, once this has been surpassed (RCP8.5), the increase in inundation is greater (first red
contour, current highest tide in Figure 28B). Water already reaches the car park at the current highest
tide. However, in a worst case scenario, a ‘maximum tide’ will completely inundate the entire area (red
zone, Figure 28A). The area is flat with no barrier preventing inundation. This illustrates that New
Zealand’s current coastal hazards will be exacerbated by SLR (MfE, 2017).
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C

Figure 29 Peninsula between Lorenzan and Moonlight Bays. A Inundation of full length of
assessed area. B Zoomed in inundation with filled in area of worst case scenario inundation
C View of reducing peninsula from the water at mid tide.
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Figure 29 shows the low lying, eroding peninsula between Lorenzan and Moonlight Bays. Here the
increase in inundation between the current high tide (black contour) and RCP2.6 (yellow contour) is
only 26m2 over 96m (Table 11) due to slope. At the tip of the peninsula, where the slope is smallest,
•
the difference between the two is greater (Figure 29B). On the sides of the peninsula it is steepest
(Figure
29C) and the difference in inundation for all scenarios reduces (Figure 29A). The houses at
•
the top of the peninsula are not at risk of flooding, even at ‘maximum tide’ (second red contour), due
•
to the current steep slope (Figure 29B).
•
Even small increases in inundation of 20cm (RCP2.6, yellow contour) may exacerbate the current
erosion processes, thus changing the current conditions. While at RCP8.5 the tide does not reach the
grassy area and does not advance to the dwellings, there is substantial risk of further erosion (with
increased inundation of 66m2 over 96m (Table 11).
At the current highest tide (first red contour), the water advances 1 - 1.25m beyond high tide at
RCP8.5 (green contour, Figures 29A and 29B). A further 41m2 will be inundated during a ‘maximum
tide’ (Table 11). The difference in inundation between the current highest tide and a ‘maximum tide’
(red zone) is small, but any additional inundation will exacerbate the risk associated with erosion.
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`
Figure 30

A

Okete Bay Peninsula
A Inundation of entire
assessed area
B Zoomed area of
buildings closest to
the shoreline.
* No additional
imagery is included
for this location as it
was not possible to
take better pictures
than what the base
map shows on the arc
map images.
** In 29A the highest

B

high tide is shown on
the lower left but no
contours at that heigh
were displayed on the
protruding peninsula.
It is assumed that
there is a steep
incline on the
peninsula and no
ground at the height
of the red (‘maximum
tide contour’).

Current High Tide

RCP2.6

RCP4.5

RCP8.5

Highest Recorded & Max

Figure 30 shows the houses on the peninsula at Okete Bay are currently protected by the height of
the ridge. The tip of the peninsula seems to have the greatest extent of gently sloping beach.
Compared to the sides, the tip shows the greatest changes in inundation with each scenario (Figure
•
30B). Extensive inundation is projected for all future scenarios, with water advancing over 2m at
•
RCP2.6
(increase in area of inundation of 571m2 over 333m, Table 11). At high tide under RCP4.5
most
• of the beach area will be under water.
•
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The south side of the peninsula is the steepest with barely any difference in inundation between the
current high tide (black contour) and RCPs 2.6 (yellow contour) and 4.5 (pink contour). Only at almost
double the SLR (RCP8.5, green contour), the difference in inundation between RCP4.5 and 8.5
increases to 5m in some places (Figure 30A). The northern side of the peninsula has more sloped
beach before a steep rise. On this side inundation at RCPs 2.6 and 4.5 compared to that at RCP8.5 is
less (Figure 30A).
At RCP8.5 (green contour) the increased inundation is 1781m 2 over a perimeter of 333m (Table 11).
Most of this will be at the tip where the high tide moves by ±14m (Figure 30B) to the edge of the
grass, completely removing the beach at high tide. Most buildings do not seem to be at risk of flooding
except for the one closest to the edge towards the bottom of Figure 30B.
The fact that there is no red zone besides on the left of Figure 30A, indicates no ground level at those
heights. This also indicates that at the current highest tide and future ‘maximum tide’ there is no risk
of additional inundation. However, if this steep cliff erodes, the circumstances will be different. A
similar situation to the previous environment (Figure 29) between Lorenzan and Moonlight Bays.
Risk to the built environment associated with SLR differs greatly between locations. Height, slope and
risk of erosion are important, as is the ground type (sand, clay or rock).
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Description and Inundation Illustration of a Culturally Significant Area
Te Kopua Whanau Camp Site (Figure 31) is a culturally important community camp site that sits on
an eroding shoreline, adjacent to a public beach. The location was described in the methods section
(Figure 11).
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G

Figure 31 Te Kopua Whanau Camp, shoreline and adjacent public beach. A Inundation of entire
assessed area. B Barriers below the camp to prevent erosion. C Zoomed inundation contours just
below Te Kopua Whanau Camp. D Barriers and tyres to protect the shoreline. E Public beach
access breaking down, ramp is 60cm above current high tide mark. F View of beach from public
access. Barriers prevent walking too close to the shoreline. G Sign next to public access

Current High Tide

RCP2.6

RCP4.5

RCP8.5
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As shown in Figures 31A and 31C, high tide at all future scenarios will not reach the top of the ridge.
However, the ridge is vulnerable to erosion; increased inundation will likely exacerbate the risk of the
ridge collapsing. There is already erosion along the shoreline in front of Te Kopua Whanau Camp,
with tyres and grass fortifying the ridge, as well as barriers preventing people from disturbing the sand
close to the ridge (Figures 31B, 31C and 31F). Along a stretch of 121m, an additional 151m2 will be
inundated at high tide under scenario RCP2.6 (yellow contour) and 297 m 2 under RCP8.5 (green
contour) (Table 11). The high tide mark will move by at least 1m under the lowest emission scenario
(Figure 31D).
The public access further down the beach (Figure 31E) is deteriorating with one step already missing.
The walkway/ramp is 60cm above the high tide mark (Figure 31E) and will be inundated at high tide at
RCP8.5. As the end of the ramp is below ridge height, at the current highest tide (first red contour,
± 2m above the current average high tide (black contour, Figure 31D), the beach access will be
submerged.
The current highest tide reaches the top of the ridge closest to the building (Figure 31A). However, at
a ‘maximum tide’/worst case scenario the water will advance up to 2m further on the ridge top in some
places (Figure 31D), even though overall in this assessment area, there is minimal difference (under a
metre, Table 11) between the two extreme tides.
As the ridge is already eroding, prioritising this area regarding risk mitigation and the protection of this
culturally significant area is important. Furthermore, the Te Kopua area (and campground) has had
significant shoreline changes over time (WRC, 2007). Consequently, it is acknowledged that these
projections are only relevant to the current conditions.
Description of Important Community Environments
• The Joyce Petchel Park, museum / information centre and fire station are on a high ridge
overlooking a branch of the estuary opposite the skate park and community centre
• The skate park and community recreation centre are on a peninsula of soft sandy beaches.
Inundation of a Community Areas not Illustrated Below
As seen in Figures 25A and 26B, eventhough in future scenarios the water will advance 1 - 2m
(Table 11), the Joyce Petchel Park, on a high ridge, is protected from inundation at all RCP scenarios
including ‘maximum tide’.
Conversely, further along the ridge, behind the museum/information centre and fires station the ridge
is lower (Figure 23C). At RCP8.5 (green contour), at the current highest tide and ‘maximum tide’ (red
zone), water will advance to the edge of the museum/information centre and there is risk of flooding
(Figure 23A and Figure 25B).
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Illustration of Community Area Inundation

A

B

C

B

C

C

Figure 32 Community centre, beach and skate park at the end of Marine Parade. A Inundation of
entire area of assessment. B The high tide mark in front of the community centre and playground.
C View from pedestrian bridge looking towards the left.
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Highest Recorded & Max

Figure 32 shows the skate park and community recreation area at the end of Marine Parade. It is
accessed from town by a foot bridgis and central to the community (Figures 32B and 32C). At all
future scenarios there is substantial inundation of the area ranging from 2776 - 4769m2 over 292m
•
(Table 11).
•
•
•
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At high tide even at RCP2.6 (yellow contour), there will be substantial loss of beach. At RCP2.6 the
high tide mark will move by 7-15m depending on the slope (Figure 32A). As is evident in Figures 32B
and 32C, the current high tide mark almost reaches the grass on the south side of the bridge. The
difference in inundation between the scenarios RCP2.6 (yellow contour), RCP4.5 (pink contour) and
RCP8.5 (green contour) is relatively consistent at ±3m (Figure 32A, Table 11). However, at some
points, the difference between the current high tide (black contour) and that at RCP8.5 is as much as
20m (north side of peninsula, Figure 32A).
Furthermore, on the north side, the current highest tide (first red contour) advances approximately
60m further than the current high tide (Figure 32A). The current highest tide does not reach the
buildings, but covers grasses and bush. As opposed to other areas protected by a steep ridge or
incline, the difference between the current highest high tide and a ‘maximum tide’ is substantial, (red
zone, Figure 32A). A ‘maximum tide’ will inundate a further 4882m2 (Table11). This worst case
scenario at RCP8.5 will completely inundate the entire community centre and skate park. As this area
is central to the community, risk mitigation should be a priority.
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7.3.2 Loss of Intertidal Zone
Scenarios
The same future SLR scenarios are used as discussed above. Table 12 shows the calculation of the
low tide scenarios. SLR was added to the current average low tide (last five years) of -1.147m (data
from WRC, 2021). The projected changes in intertidal zone using this method excludes future
changes in sediment and wave behaviour. This method only addresses range changes based on sea
level.
Table 12 Change in Low Tide Under Future Scenarios Based on the Current Average Low Tide
Tide Height

Current Average Low Tide: -1.147m

Scenarios

RCP 2.6

RCP 4.5

RCP 8.5

SLR Projections

20cm

35cm

65cm

Projected Low Tide Heights

-0.947

-0.797

-0.497

Projected Loss of Intertidal Zone
Table 13 Change in the Intertidal Zone Area of Selected Environments
Intertidal Area (m2)

Range Length (m)
Environment

Intertidal Area Loss
(m2)

Percent
Change

Current

8.5

4.5

2.6

8.5

4.5

2.6

8.5

4.5

2.6

Mangroves (21m)

2025

1800

1943

1980

225

82

45

11

4

2

Joyce Petchel Park
Beach (65m)

5962

5041

5626

5803

921

336

159

15

6

3

Cox Bay (77m)

2197

1228

1651

1915

969

546

282

44

25

13

Cliff Street (103m)

13245

8734

1142
5

1229
9

4511

1820

946

34

14

7

Ecosystems

* Environments written in bold have been illustrated and discussed below.
The current intertidal zone area and the length along which it has been calculated are provided for
each environment in Table 13. The change in intertidal zone for each future scenario is shown as the
difference between the current and future intertidal zones. A percentage change in intertidal zone has
been calculated for analysis using the IUCN Red List.
Future Loss of Intertidal Zone
The future loss of intertidal zones reported in this section are indicative only, given the assumption of
a static shoreline using the ‘bathtub’ method.
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Loss of Intertidal Zone of Environments not Illustrated
The mangroves, discussed above, are in a branch of the estuary perpendicular to the main harbour
estuary and this intertidal zone extends out to the west. As seen in Figure 25B, the intertidal zone
along this shoreline is extensive. The change in intertidal zone area for all scenarios seems
substantial (45 - 225m2 over 21m, Table 13). However, the percentage loss of intertidal zone under
these scenarios is only 2 - 11% (Table 13).
The mangroves grow relatively close to the shore, away from the edge of the intertidal zone/low tide
mark (Figures 25C and 25D). Consequently, while there may be changes in the intertidal zone
processes and ecosystems due to loss of area, the mangroves are likely not susceptible due to the
extent of the intertidal zone. Increase in depth is more likely to affect the mangroves in this particular
location. This does not negate the likelihood of other ecosystems within the intertidal zone being
squeezed and vulnerable to new pressures. Further, this quantity of area loss, may effect substantial
changes in pressure, wave height, temperature, CO2 levels and sediment among others. As the
intertidal zone is very long, if other ecosystems retreat landwards, it is unlikely that they will directly
impact this ecosystem. Only those retreating into the habitat of the mangroves could impact them.
Joyce Petchel Park beach described above, is a small environment with diverse vegetation on the
edge of an extensive intertidal zone—adjacent to the mangrove environment (Fgure 24B). Similarly,
the percentage change in intertidal zone area for all future scenarios is relatively small (Table 13).
However, the loss of intertidal zone area is large (159 - 921m2) over 65m (Table 13), with the low tide
mark moving ± 2 - 15m (Figure 25B). This equates to percent changes at RCP2.6 (yellow contour),
RCP4.5 (pink contour) and RCP8.5 (green contour) of only 3, 5 and 15% respectively. This is
consistent with a previous estuary projection model where a SLR of 30cm would result in a 6.7% loss
of intertidal area (Fujii & Raffaelli, 2008). In this study location, a SLR of 35cm is projected to cause
an intertidal zone loss of 5%.
A 15% (RCP8.5) reduction in intertidal zone (Table 13) is unlikely to directly affect the ecosystems at
the beach. Biota that exist along the current low tide mark have the space to retreat landwards to
avoid being constantly submerged. Even though this percent change is deemed relatively insignificant
on the IUCN Red List of Ecosystems, the reduction in space may have broad-ranging effects on biota.
It is likely that in this intertidal zone, change in depth will have the most significant impact as
discussed previously.
Due to the fact that the intertidal zone spans a large area, perhaps it would be more relevant to further
define habitats within the intertidal zone and use this method to assess risk associated with habitat
loss or squeeze on the IUCN Red List of Ecosystems.
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Illustrations of Loss of Intertidal Zones

A

B

C

Figure 33 A Inundation and loss of intertidal zone for entire area of assessment. B Zoomed loss
of intertidal zone. C View of sea grass along of the shore of Cox Bay at mid tide,

Current Low/High Tide
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RCP4.5

RCP8.5
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Figure 33 shows Cox Bay on the main estuary facing north (Figure 11) and as shown in Table 13, has
a small intertidal zone (2197m2 over 77m) compared to those discussed above (e.g. Joyce Petchel
Beach 5962m2 over 65m, Table 13). At Cox Bay the loss of intertidal zone for all future scenarios is
•
substantial (13 - 44%), with the low tide mark retreating by at least 3m for each scenario (Table 13).
At• RCP2.6, there is a loss of 282m2 over 77m (13%). The loss of intertidal zone seems linear relative
to SLR. At RCP4.5 (an additional 15cm of SLR) there is a loss of 546m2 (25%) and at almost double
•
the SLR (65cm) at RCP8.5, 969m2, a 44% loss of intertidal zone (Table 13).
•
The consistent loss of intertidal zone between scenarios RCP2.6 (yellow contour), RCP4.5 (pink
contour) and RCP8.5 (green contour), is clearly illustrated in Figures 33A and 33B. This indicates that
at this location the ground/sea floor is even with no slopes or sand banks. At RCP8.5, the low tide
mark moves up to 16m closer to the shore at some points (Figures 33A and 33B).
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The IUCN Red List of Ecosystems status for a 44%(RCP8.5) loss of habitat is ‘vulnerable’. While the
seagrass near the high tide mark may be able to retreat in response to an increase in depth and
extended period of inundation, overcrowding and increased competition for space, may become an
issue in a shrinking intertidal zone. As discussed above, while there are likely numerous habitats and
ecosystems within the intertidal zone, in a smaller area, the loss of intertidal zone may be more
indicative of habitat loss and thus more relevant in this instance.
These results are consistent with those of Jackson & Mcllvenny (2011) who showed that a SLR of
30cm, resulted in a 10 - 27% loss of intertidal extent. In this study at this location, a 35cm SLR at
RCP4.5 , showed a loss of intertidal zone area of 25% (Table 13).
The consequence of intertidal zone loss is made more evident when only a 6.7% loss of intertidal
zone was projected to cause a 6.9% loss of microbenthic biomass (Fujii & Raffaelli, 2008). Figure 33A
is a clear representation of habitat squeeze described by Fujii & Raffaelli, (2008) and illustrated by
Orchard et al. (2020). This intertidal zone is confined by a steep, high ridg (Figures 33A and 33C)
making landward retreat impossible. The seagrass at the base of the ridge, at the edge of the current
high tide mark is unlikely to survive.
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Figure 34 Cove off Cliff street. A Intertidal zone loss of entire assessed area. B Zoomed image
showing inundation of the cove. C Grassy verge made mainly of clay, ground covered with clay
and seagrass. D Low lying branches of Pohutukawa, home to shell communities, submerged at
high tide. E Ground covered with shells and crab remnants. F Clay with rocky debris. G Wire
preventing erosion. The top of the wire is 55cm above the high tide mark.
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RCP8.5
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Figure 34 shows the that the cove off Cliff street, also on the main estuary but faces northwest
(Figure 11). As seen in Figure 34A, it has an extensive intertidal zone (13245m2 over 103m (Table
13). In this location however, the loss in intertidal zone is inconsistent between scenarios and variable
•
within scenarios (Figure 34A), indicating slopes, dips and or sandbanks.
•
In this location at RCP2.6 (yellow contour) there is a loss of 946m2 over 103m, only a 7% loss of
•
intertidal
zone (Table 13). There seems to be a threshold of SLR at which loss of intertidal zone
becomes substantial. At RCP 8.5 in this location, the greatest loss of intertidal zone of all assessed
•
environments is projected (4511m2). However. this is only a 34% loss of intertidal zone (Table 13).
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At RCP8.5 the low tide mark moves away from the current average low tide (black contour) towards
the shore by ±70m on the far left of the assessed area (Figure 33A). This extent of inter tidal zone
loss, will likely result in competition for space and other concomitant effects. In this location, if there
was a sediment shift and the ground became flatter, the contours would likely be more even and
space between scenarios more consistent. If the contour for a SLR of 65cm (green) extended across
the entire area (where it advances ± 70m), the percentage change in intertidal zone would be much
greater. This suggests that when using this method to determine the risk of intertidal zone loss, one
should consider the effect of hydrologic processes on sediment movement and repeat the
assessment regularly.
While under the IUCN Red List of Ecosystems at RCP8.5 (34%, Table 13) the status is only
‘vulnerable’, the habitat range of many organisms is likely to be greatly affected. This intertidal zone is
also confined by a steep ridge, highlighted by the closeness in the inundation contours in Figure 34B.
This does not allow for the landward retreat of some communities (Figures 34C. 24D, 34E and 34F).
Any shift of habitat range towards the shoreline is likely to impact the habitats on the high tide end of
the intertidal zone (Figures 34C, 34D, 34E and 34F). However, as is evident, some find innovative
ways to survive such as the shell communities (Figure 34D), using higher substrates such as the
Pohutukawa branches to survive.
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7.4 The IUCN Red List
As discussed in the methods chapter, the IUCN Red List is a framework for estimating the risk of an
ecosystem collapse, based on percentage change or loss of biotic or abiotic factors
(Figure 15; IUCN, 2016). Criterion C was used to assess the risk of ecosystem collapse associated
with a percentage degradation of an environment. This study assessed change in depth and loss of
intertidal zone Table 14).
Table 14 Summary of Results and Analyses using the IUCN Red List of Ecosystems
Abiotic Changes (Criterion)

Environment

Changes

Status

Historical Depth (C1)

9%

Not Vulnerable

Projected Change in Depth (C2a)

45%

Vulnerable

Projected Loss of Intertidal Zone (C2a)

Cox Bay

44%

Vulnerable

Projected Loss of Intertidal Zone (C2a)

Cliff street

34%

Vulnerable

Change in Depth
Using criterion C1 (Figure 15) to assess the risk of ecosystem collapse due to SLR over the past 50
years, a 9% (Table 8) change in high tide (depth) indicates the ecosystems are not currently
‘vulnerable’ as a result of SLR over the past 50 years (Table 14).
Using criterion C2a (Figure 15) to assess the risk of ecosystem collapse due to SLR in the next 50
years, at RCP 4.5 a change in depth of 24% (Table 10) is not considered ‘vulnerable’ (only >30%). At
RCP 8.5 there is a 45% increase in depth which gives a status of highly ‘vulnerable’ (Table 14) but not
quite ‘endangered’ (>50%).
Loss of Intertidal Zone
Criterion C2a (Figure 15) was used to assess risk of ecosystem collapse in the next 50 years. Two of
the assessed environments fall into the ‘vulnerable’ category (Table 14). At RCP 8.5 the loss of
intertidal zones at Cox Bay is 44% and at the cove off Cliff street, 34% (Table 13). Within the intertidal
zone however, there will be different ecosystems affected by depth, substrate, nutrient flux and
competition.
It is acknowledged that species have varied vulnerability to depth and inundation changes—and
associated effects such as pH, salinity, temperature etc. However, as previously mentioned, this tool
accounts for the complex nature of ecosystems when assessing the likelihood of ecosystem collapse.
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CHAPTER EIGHT – CONCLUSION
SST at Raglan was shown to have increased by 1.03 - 1.63°C (6.3 - 10.3%) over the past 50 years.
Such apparently small changes can have a substantial impact on biological and consequently
organism distribution processes (Hoegh-Guldberg & Bruno, 2010). The likelihood of adaptation to this
change is unknown and species dependent. Further species and ecosystem specific, long-term
studies are required to answer this question.
Furthermore, it was determined that over the past 50 years, the SL at Raglan has risen approximately
12cm (9% change in average high tide) at Raglan. The IUCN Red List of Ecosystems does not deem
ecosystems ‘vulnerable’ following this percentage change. However, this change in depth and
inundation of environments is likely to have had broad ranging effects on both natural and built
environments.
In addition, the projected changes in SST and SL over the next 50 years, associated with future
climate change scenarios were also ascertained. LiDAR data was used to establish and illustrate
possible future changes in inundation and intertidal zones at selected environments under future
scenarios. Finally, the risk of ecosystem collapse due to SLR at selected environments was assessed
using the IUCN Red List of Ecosystems as follows.
SST at Raglan is projected to increase by 1 - 2°C (6 - 11.5%) over the next 50 years. It is evident that
the SST at Raglan is variable and the biota inhabiting the area are likely well adapted to these
fluctuations. However, it is unclear whether adaptation to an increase in SST beyond the normal
thermal range will occur. Further species and ecosystem specific studies would be required to assess
the risk associated with these projected changes in SST.
Under future SLR scenarios, the average high tide will increase by 14 - 45%. Ecosystems are
considered vulnerable by the IUCN Red List of Ecosystems, following such a large change in depth.
While this refers to a change from the current average high tide, an increase in depth of 65cm
(RCP8.5) closer to the shore will be closer to a 100% change. It would be useful to assess these
changes in depth at different points in the intertidal zone, to assess the likely effects on specific biota
and ecosystems within it.
This study, using LiDAR data to illustrate and calculate the inundation of environments under future
scenarios of SLR, highlights the risk to low lying sandy environments. This method is particularly
useful for assessing risk to built environments as shown in figures 26 to 28, the assessments of Wallis
street and the Wharf. The variable risks within a low-lying environment, depending on slope shown in
the assessment of the community recreation area (Figure 32) illustrates the value of using LiDAR
data. It is important to note that LiDAR data is specific to the ground conditions at the time of
collection. Notwithstanding, this data still provides a good indication of likely risk associated with
inundation.
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Furthermore, LiDAR has proven to be an excellent tool for illustrating and calculating the likely loss of
intertidal zone in the future due to SLR. It clearly shows the possibility of habitat squeeze as is the
case for Cox Bay (Figure 33). Noteworthy are the effects of sediment shifts causing sandbanks, and
slopes as at Cliff street (Figure 34).
The risk of ecosystem collapse due to loss of intertidal zone was assessed using the IUCN Red List of
Ecosystems. This showed vulnerability at RCP8.5 (worst case scenario), for Cox Bay and Cliff street
intertidal zones. However, retrospectively, it would be more appropriate to define ecosystems within
the intertidal zone and use this method to calculate the loss of specific habitats due to SLR in this
way.
This study has assessed the risks associated with changes in SST and SL over the past and future 50
years. The results pertaining to LiDAR data are variable both between and within environments and
pinpoints environments at greatest risk. Furthermore, this work has highlighted the need for further
ecosystem and species-specific studies.
It must be reiterated, that this study provides indicative risk levels, as a static shoreline using the
‘bathtub’ method is assumed. It is acknowledged that this study only assessed two variables within
highly complex situations, affected by multiple factors. It is unusual, however, to have the resources to
assess all contributing factors. It is therefore important to use methods that provide useful information
that assists with planning and risk mitigation.
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