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Abstract: Widespread mortality of intertidal biota was observed following the 7.8 Mw Kaikōura
earthquake in November 2016. To understand drivers of change and recovery in nearshore ecosys-
tems, we quantified the variation in relative sea-level changes caused by tectonic uplift and evaluated
their relationships with ecological impacts with a view to establishing the minimum threshold and
overall extent of the major effects on rocky shores. Vertical displacement of contiguous 50 m shoreline
sections was assessed using comparable LiDAR data to address initial and potential ongoing change
across a 100 km study area. Co-seismic uplift accounted for the majority of relative sea-level change
at most locations. Only small changes were detected beyond the initial earthquake event, but they
included the weathering of reef platforms and accumulation of mobile gravels that continue to shape
the coast. Intertidal vegetation losses were evident in equivalent intertidal zones at all uplifted sites
despite considerable variation in the vertical displacement they experienced. Nine of ten uplifted
sites suffered severe (>80%) loss in habitat-forming algae and included the lowest uplift values
(0.6 m). These results show a functional threshold of c.1/4 of the tidal range above which major
impacts were sustained. Evidently, compensatory recovery has not occurred—but more notably,
previously subtidal algae that were uplifted into the low intertidal zone where they ought to persist
(but did not) suggests additional post-disturbance adversities that have contributed to the overall
effect. Continuing research will investigate differences in recovery trajectories across the affected
area to identify factors and processes that will lead to the regeneration of ecosystems and resources.

Keywords: natural hazards; seismic displacement; post-disaster planning; hydro-ecology; relative
sea-level; tipping points; impact assessment; multiple stressors; social-ecological system; New Zealand

1. Introduction

Relative sea-level trends are pervasive drivers of change in nearshore coastal systems
due to the multitude of social and ecological relationships that are structured by the
position of land in relation to the sea [1]. Enduring sea-level changes present a specific set
of challenges that differ from those associated with periodic extreme events. For example,
they are more likely to force long-term adjustments to the spatial configuration of coastal
landscapes upon which both periodic extreme events and regular hydrological fluctuations
interact [2]. Land-mass displacement mechanisms play a critical role in determining relative
sea-level trends and include crustal movements associated with tectonic plates and isostatic
responses to stress redistribution associated with glacial de-loading [3,4]. Land surface
elevation changes may also result from shallow sources of uplift and subsidence such as the
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movement of hydrocarbons and groundwater, decay of organic material and compaction
of sediments [5–7].

Rapid changes in relative sea-levels can result in widespread disturbance to the an-
tecedent pattern of development in both natural and anthropogenic environments. While
various degrees of resistance or resilience to these changes are a feature of social–ecological
systems, there are also tipping points beyond which major losses are sustained [8–10].
These thresholds are therefore of fundamental interest for the study of disaster risk reduc-
tion and disaster recovery processes to improve strategic planning and preparedness for
further change. The potential for rapid displacement events is a serious consideration in
seismically active regions that include vast tracts of coastline in territories close to sub-
duction zones in the Pacific Ocean [11]. In addition to the direct impacts of hydrological
changes, the cumulative effects of land mass movements have important consequences
for the development of climate-change adaptation strategies [12,13]. Depending on the
direction of motion, they may potentially mitigate or exacerbate eustatic sea-level rise
effects and drive additional interactions with erosion and sedimentation processes [14–16].

There are few contemporary studies of the impact of co-seismic displacement events on
coastal communities, but they have undoubtedly been a regular occurrence over geological
time periods. The available studies have documented massive changes in the structure and
function of coastal ecosystems with associated impacts on the persistence and condition
of natural resources, including shellfish and finfish fisheries, coastal forests, blue-carbon
ecosystems, and coastal land. Recent examples include a 2007 earthquake in the Solomon
Islands that caused subsidence leading to major changes in the spatial extent of mangroves
and coastal wetlands [17]. In New Zealand, the 2010–2011 Canterbury earthquakes caused
both subsidence and uplift in coastal waterways as a consequence of tilt effects associated
with fault-line movements [18]. Ground-surface deformation caused widespread damage to
residential properties in low-lying areas, and exacerbated flood risk in areas of subsidence
leading to a managed retreat initiative [19–21]. Hydrological changes also caused the loss
of coastal wetlands and shorebird habitat in areas of relative sea-level rise as characteristic
ecosystems moved landward [2,12,22]. In uplifted areas, impacts included shifts in the salt
water intrusion characteristics of lowland waterways leading to the downstream migration
of coastal zonation patterns and key habitats [23,24].

In the 2010 8.8 Mw Chilean earthquake, coastal uplift was associated with severe
losses of low intertidal sand beach habitat and gains in upper- and mid-intertidal habi-
tat [25,26]. These impacts were influenced by the magnitude and direction of vertical
displacement, interactions with substrate types, and the mobility of characteristic biota [25].
Similar circumstances are found in the present study, which investigates impacts of the
2016 7.8 Mw Kaikōura earthquake on the east coast of New Zealand. The associated fault
ruptures were among the most complex ever recorded [27–29] and manifested as a highly
variable pattern of ground-level displacement but mostly in the direction of uplift [30].
These physical impacts led to widespread reassembly of ecological communities on rocky
shorelines [31–33]. Associated social and economic effects included new landscape configu-
rations altering access to the coast, and the closure of commercial fisheries and recreational
harvesting of seaweeds and shellfish [34,35].

Objectives

In the aftermath of the earthquake we began a research programme to determine the
severity of impacts and investigate prospects for recovery. In this study, our major objectives
were (a) to quantify relative sea-level changes caused by the earthquake as close as possible
to our post-earthquake study sites in the new intertidal environment, and (b) to estimate the
severity of impacts on major habitat-forming macroalgal, particularly large brown kelp and
fucoid algae (phaeophyceae) that provide habitat, are highly productive, support a large
biomass, and define ecosystem structure on the rocky shores of this coast [36]. Challenges
for this assessment included the availability of elevation data within the landforms and
ecosystem types of interest, particularly in the new intertidal areas that were previously
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submerged and therefore outside of the spatial extent of aerial and satellite-based altimetry
surveys. There was also a need to include the evaluation of tilt effects that could lead
to ground-level displacement gradients across the shore profile, and the potential for
continued displacement subsequent to the main seismic event.

Despite being an investigative study of a natural event, we identified several intriguing
hypotheses, including the expectation that the short dispersal distances of reproductive
large brown algae [37,38] would limit recruitment into areas of newly available habitat,
reducing the potential for recovery of impacted population and/or slowing recovery rates.
Interactions with other stressors (e.g., erosion, compromised light environment) in the
post-quake environment were also expected to limit the potential for recovery through
rapid post-quake recruitment and potentially reduce the survival of individuals that were
uplifted to new and more physically stressful vertical positions within the tidal range. We
expected that testing these hypotheses would manifest as net losses in habitat-forming
algae for equivalent pre- and post-quake tidal zones, which are the focus of this study.

Note that these expectations contrast with an alternative hypothesis in which charac-
teristic habitats remain intact due to the survival of key species and/or rapid recovery from
recruitment, with the overall intertidal zone simply shifting along the coastal profile in
response to new sea levels. In considering the implications, the latter is associated with few
negative impacts or quick recovery through seeding from nearby reproductive individuals
that survived initial impacts. In contrast, the former are indicative of widespread ecosystem
collapse with associated social and economic impacts, such as prolonged fishery closures
and other ecosystem service losses.

2. Materials and Methods
2.1. Study Area

The study area is a contiguous 100 km section of coastline stretching from Oaro to
Waipapa Bay on the east coast of the South Island of New Zealand. Kaikōura is a small town
(population c.2500) located at the base of the Kaikōura Peninsula, a prominent feature on
this wave-exposed coast (Figure 1). The coastal environment of this area is renowned for its
rocky shore habitats that support a rich diversity of intertidal and shallow subtidal marine
species, including habitat-dominating seaweeds, understory species, rock lobsters, New
Zealand abalone (pāua), and other invertebrates [33,39]. The area features a wide variety
of substrate types and topographies, including near-horizontal platforms and extensive
rock and boulder fields, interspersed with dynamic mixed sand-gravel and sandy beaches.
Much of the coast is sparsely populated and the single highway along it was severely
damaged and closed for over a year. As a result, access to study sites had many logistical
constraints, especially in the early phases of the study.

2.2. Data

Our overall approach took advantage of the availability of light detection and ranging
(LiDAR) datasets that included three post-quake LiDAR acquisitions and a comparable pre-
quake dataset (Table 1). The two immediate post-quake datasets (covering different spatial
extents) were combined and all data re-projected to a common reference system and aligned
to facilitate vertical displacement analyses based on differencing of 1 × 1 m digital elevation
models (DEM). To evaluate temporal effects, we compared differences derived from the
pre-quake (July 2012) to immediate post-quake (December 2016) period, and the immediate
post-quake to 18-months post-quake (June 2018) LiDAR datasets. Confounding factors
from ground-level changes between the July 2012 LiDAR acquisition and the earthquake
event have been reviewed in previous studies [30], and the most significant seismic event
in that period was associated with the Cook Strait earthquake sequence of up to Mw 6.6
that produced only small vertical displacements (<5 mm) in the Kaikōura region [40]. The
potential for further post-seismic movement has been also assessed in previous work using
interferometric synthetic aperture radar (InSAR) and GPS data that showed considerable
further displacement effects at many sites in the upper South Island and much farther
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afield in the lower North Island [41,42]. Other sources of variance affecting differencing
analyses include erosion and accretion effects that are difficult to account for in the before–
after earthquake comparison. However, we made use of high resolution (0.1 m) RGB
imagery captured during the aerial LiDAR acquisition to identify deposition from rockfall,
unstable surfaces such as riverbeds, and anthropogenic modifications such as earthworks
associated with earthquake recovery activities on the road and rail corridor. These areas
were manually delineated where visible in the aerial imagery and the DEMs masked to
remove these features from the analysis.
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Figure 1. Location of the study area on the east coast of the South Island of New Zealand.

Table 1. LiDAR data specifications.

Timing in
Earthquake
Sequence

LiDAR
Acquisition

Date
Supplier Commissioning Agency

Accuracy
Specification (m)

Vertical Horizontal

pre-earthquake Jul 2012 Aerial Surveys Ltd. Environment Canterbury unknown † unknown †

immediate
post-quake Nov 2016 AAM NZ Ltd. New Zealand Transport Agency ±0.10 ±0.50

Immediate
post-quake Dec 2016–Jan 2017 New Zealand

Aerial Mapping Land Information New Zealand ±0.10 ±0.50

18 months
post-quake Jun 2018 AAM NZ Ltd. Land Information New Zealand ±0.10 ±0.50

† 2012 LiDAR data were originally provided in New Zealand Vertical Datum (NZVD) 2009 but were reprocessed by Aerial Surveys Ltd. to
NZVD2016 and subjected to control checks.
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2.3. Vertical Displacement

To assess spatio–temporal variability in vertical displacement at the coast, we con-
structed an assessment baseline using the first contiguous 0.1 m contour common to all
datasets, which was located at the approximate position of the 2012 (pre-quake) mean
high water springs (MHWS). A set of analysis windows was constructed landward of this
baseline to facilitate the closest possible approximation of ground-level change within new
intertidal areas (generally located seaward of this line), which are a key focus for recovery
and impact assessments (Figure 2A). Tilt effects were assessed independently (see below)
to verify the transferability of these measurement to the new intertidal zone. At Waipapa,
a sizeable portion of the intertidal zone was lifted higher than surrounding areas to land-
ward as the result of block-faulting on the western strand of the Papatea Fault (Figure 3A).
Fortunately, outcrops of relatively tall flat-topped rocks are a characteristic of this area and
were captured in both pre- and post-earthquake LiDAR data. This enabled the calculation
of uplift values for the uplifted block to be calculated using manually constructed analysis
windows (Figure 2B).

Ground-level changes were computed by differencing the DEMs after applying slope
constraints (see below) and summarised using zonal analysis of returns within each of the
analysis polygons. Vertical displacements recorded in national geodetic updates to the Land
Information New Zealand (LINZ) survey benchmark network were also catalogued for
comparison to the values obtained. To assess the interactions between vertical displacement
and substrate, four substrate types (rocky reef, boulder, mixed sand–gravel and sandy
beach) were mapped at the position of the new (post-quake) MHWS corresponding to
the 0.5 m NZVD contour using 2018 aerial imagery and ground-truthing in the field.
Each analysis window was classified according to substrate type in the adjacent coastal
environment by intersecting the substrate map with its associated shore-perpendicular
transect (Figure 2).

2.4. Tilt and Horizontal Displacement Effects

To test for tilt effects in the vicinity of the coast, three sets of analysis windows (each
n = 2000) were constructed with different landward extents (50 m, 200 m and 500 m) ori-
ented perpendicular to each 50 m segment of the baseline (Figure 2). Horizontal ground
displacement effects that confound the measurement of vertical displacement using over-
lapping DEMs were controlled by restricting the analysis domain to nearly flat ground
(Figure 3). Two separate slope thresholds (less than 2 and 5 degrees, respectively) were
calculated by slope analysis of the DEMs and applied as masks to the differencing analysis.

Results from the above analyses were used to provide sensitivity tests of tilt and
horizontal displacement effects on the vertical differencing assessment. One way ANOVAs
were used to test for significant differences in vertical displacement for the independent
variables of orthogonal distance from the coast (tilt effects) and slope constraints (horizontal
displacement effects). Linear regressions were also used to further test for biases across the
range of uplift values found within the sampling domain for each of the above comparisons.

2.5. Field Surveys

Quadrat-based field surveys were used to assess biological impacts within the in-
tertidal area at 12 sites (Table 2). In these surveys, transects of 30–50 m were laid out
horizontally along the shore at different tidal heights (see below) representing equivalent
mid and low intertidal zones, respectively, and ten 1 m2 quadrats sampled from each zone
and the percentage cover or abundance of key species recorded, including all visible algae
and invertebrates. These sites were selected to provide both geographical coverage and
representation of a range of uplift values across the extensive study area. Their locations
also reflect a paired sampling strategy whereby six pairs of sites were located in areas
of similar uplift. The most southern sites were located at Oaro, which had experienced
negligible uplift and therefore functioned as a control (Table 2). The remaining sites in-
cluded two sites at Omihi, four sites on Kaikōura Peninsula, and four sites in higher uplift
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zones in the north of the study area (Figure 1). All of these sites are rocky shorelines that
were previously dominated by large brown algae with a similar composition of rocky reef
substrate types (e.g., reef and boulder) in pre- and post-earthquake intertidal areas.
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Figure 2. (A) Sampling setup for differencing analysis of 1 × 1 m digital elevation models derived from LiDAR data
showing sampling origin points at 50 m spacing on an assessment baseline located at the approximate position of the
pre-earthquake mean high water springs. 50 × 50 m analysis windows landward of this line are within the spatial extent of
all LiDAR datasets. Shore-perpendicular transects extending seaward were used to associate each analysis window with the
dominant substrate type in the adjacent intertidal area. Two of the field survey sites (Waipapa North and Waipapa Lagoon) are
located in the inset. (B) Manually constrained analysis windows used to assess uplift at the Waipapa sites where block-faulting



GeoHazards 2021, 2 308

uplifted intertidal areas higher than was recorded in the analysis windows to landward on the assessment baseline. The
underlying image is a difference model with the same uplift scale as (A) for the pre-quake—immediate post-quake period.
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Figure 3. Workflow for differencing analyses. (A) Aerial image captured concurrent with LiDAR data showing examples
of surface deformation features associated with the earthquake. The acquisition date was November 2016 (immediate
post-quake). (B) 1 × 1 m digital elevation model constructed from LiDAR data at the same date. (C) Example of slope mask
used to constrain the analysis domain to slopes <5 degrees. (D) Example of differencing result for July 2012 and December
2016 ground heights, with the former subtracted from the latter.

The first round of surveys was completed immediately after the earthquake and
assessed the pre-earthquake intertidal zone in which the majority of species were still
identifiable for at least two months after the earthquake before ‘burning off’ in the post-
earthquake configurations. It is important to note that these initial surveys and selection of
sites were completed in extremely arduous circumstances in a high-hazard environment
with the sites being accessed by combinations of helicopter and on foot. Coastal roads were
impassable due to massive landslides and ongoing rockfall hazard. The strategic priority
for these surveys was obtaining quantitative data representative of pre-quake intertidal
conditions from each general locality, followed by the establishment of additional study
sites where possible. In three locations (Waipapa, Omihi and Sharks Tooth) only single
sites could be surveyed, but these represent the only pre-quake information available
(Table 2). Subsequent survey rounds were completed annually at all sites, and these
sampled the new post-earthquake intertidal area. As a consequence of variable uplift,
there is also variability in the degree of overlap between the intertidal zone in its pre- and
post-earthquake configuration between sites. Due to variable mortality rates, species that
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persisted could be recorded in the post-quake survey areas albeit in a different region of
the intertidal zone, and the overall composition of those zones was in a state of constant
readjustment. To address these aspects, our analysis has a specific focus on the cover and
abundance of key species in equivalent intertidal zones in their pre- and post-earthquake
quake configurations. Post-quake data represent the mean values recorded across all
quadrats for each of three surveys completed in the period 2017–2018, which are compared
to their pre-quake equivalents. This provides the most intuitive and practical means for
empirical evaluation of impacts that are attributable to the earthquake.

Table 2. Characteristics of study sites showing their pre-earthquake algal cover. The mean percentage cover of four algal
classes (brown, red, corallines, green) was recorded (species by species and then grouped) in 1 m2 quadrats sampled at
random positions throughout the algal-dominated mid and low intertidal zones. The total cover value can sum to > 100%
due to layering and overlapping of algal species.

Site
Coordinates (WGS84) Pre-Earthquake Mean Percentage Cover (%)

X Y Brown Red Coralline Green Total Algae Bare Ground

Oaro South 173.5054366 −42.5226367 40 26 63 2.1 131 14
Oaro North 173.5080324 −42.5165183 44 28 55 6.8 134 16

Shark Tooth North * 173.6914398 −42.4356525 22 4.7 53 0.5 80 20
Shark Tooth South 173.690683 −42.4328186 22 4.7 53 0.5 80 20

First Bay 173.7159516 −42.4251374 66 3.6 78 0.1 148 7
Wairepo 173.7119037 −42.4200986 56 2.2 39 0.0 97 3

Omihi North 173.5250354 −42.4885951 41 11 71 0.1 123 7
Omihi South * 173.5225126 −42.4926815 41 11 71 0.1 123 7
Ōkiwi North 173.8709615 −42.2174891 77 8.9 60 0.3 147 1

Waipapa South * 173.877159 −42.2096143 49 15 73 0.3 138 10
Waipapa Lagoon 173.8775657 −42.2045148 49 15 73 0.3 138 10
Waipapa North * 173.8779818 −42.2032321 49 15 73 0.3 138 10

* algal cover estimated from nearby sites.

Cover changes in habitat-forming macroalgae were calculated in terms of percentage
gain or loss in canopy cover from their pre-earthquake values. Data were collected for
each species, but the major classes were grouped to give an assessment of major functional
changes. In this assessment, our main focus was large brown algae that include the major
habitat-forming foundation species of this coastal area. Large brown species consisted of
fucoids, including the large southern bull kelp Durvillaea spp., the sea wrack Carpophyllum
maschalocarpum, and Cystophora spp. in the low tidal zone and bladder alga Hormosira
banksii that formed extensive beds in the mid-tidal zone of some sites. The high-tide zone
has no large algae and was omitted from this analysis.

Earthquake impacts were classified as severe (>80% loss), high (51–80%), moderate
(21–80%), or low (1–20%), and a fifth class (nil or gain) was used to show increases versus
pre-quake values. Uplift values derived from the analysis window closest to the field
survey site were used to identify relationships with biological impacts. The extent of major
losses in habitat-forming algae across the whole coast was estimated by identifying the
minimum relative sea-level change associated with high or severe impacts as observed at
the field study sites. The length of coastline with relative sea-level changes exceeding this
threshold was calculated at 50 m intervals for substrates supporting these communities
(rocky reef and boulder) across the 100 km study area.

2.6. Assumptions and Limitations

Key assumptions in this approach include the representativeness of the pre-quake val-
ues obtained since they may be prone to confounding effects, such as seasonal fluctuations,
that can affect estimates of ephemeral algal species, such as the green algae Ulva spp. These
limitations are addressed by the use of the impact classification system that places the
observed gains and losses into broad categories that summarise the predominant pattern.
All of the pre-earthquake percentage cover scores were also checked against long-term
records of similar quadrat-based surveys completed by our research group in the vicinity
of the sites chosen for this assessment. At most sites these include multi-year studies using
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similar quadrat techniques and sampling arrangements [36]. It is important to note that the
identification of appropriate control sites (Oaro North and South) required non-impacted
locations close to the earthquake-affected area with similar substrate compositions and
pre-quake taxa. As with other studies based on a Before-After-Control-Impact (BACI)
approach, limitations of such control sites include their inability to provide true replicates
of the treatment effect of interest (e.g., relative sea-level change). There remains some
degree of variability between sites despite best efforts to control for this in the site selection
process [43,44].

3. Results
3.1. Sensitivity Analyses

Tilt assessments showed that landward extension of the analysis windows had little
effect on the uplift values obtained (Figure 4). Regressions of all combinations of analysis
window size showed consistent results, with R2 values of 0.983, 0.982, and 0.996 for 50 m vs.
200 m, 50 m vs. 500 m, and 200 m vs. 500 m, respectively. One-way ANOVAs showed no
significant difference between the uplift values obtained (F2,3987 = 0.022, p = 0.978). These
results validated use of the finest-scale assessment window (50 × 50 m) for subsequent
analyses. Sensitivity analyses for the control of horizontal displacement effects showed no
significant difference between the two- and five-degree slope constraints for the 50 × 50 m
analysis windows (one way ANOVA: F1,2652 = 0.001, p = 0.916). A regression of these results
also showed a high correlation at all uplift values (R2 = 0.996, see Supplementary Material
Figure S1).
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3.2. Degree of Uplift

Assessment of the two post-quake time periods showed that the majority of vertical
displacement was co-seismic and associated with the 16 November earthquake event
(Figure 5A,B). Ground level displacements in the period between December 2016 and June
2018 were generally site-specific and lacking in distinct coast-wide trends. Field obser-
vations and aerial photography suggest that the ground-level differences between these
LiDAR acquisition dates result primarily from erosion and accretion effects of erodable
substrates. These include significant discharges of material from adjacent hill-country that
was fuelled by numerous landslides along the coast and nearby mountain ranges. An uplift
assessment using the most recent (post-quake) LiDAR data enabled the generation of a
complete dataset for all sections of the 100 km study area (Figure 5C). Vertical displacement
at the coastline varies from subsidence of nearly 2 m to uplift of over 7 m as measured
within the 50 × 50 m analysis units. Several prominent spatial patterns are evident, with
negligible uplift at Oaro situated at the south end of the study area, an area of very high
uplift near Waipapa Bay and variable degrees of uplift elsewhere (Figure 5C).
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Figure 5. Vertical displacement of the Kaikōura coast calculated for two time periods (A) 2012–2016
and (B) 2012–2018 using independent differencing analyses and a 5-degree slope constraint to control
for horizontal displacement effects. The LiDAR datasets have comparable resolution but slightly
different coverage. The gap in coverage at c. 35 km on the X axis is the Kaikōura Peninsula. This area
was outside of the LiDAR acquisition extent in the immediate post-quake dataset (December 2016),
but was included in the June 2018 acquisition, enabling the analysis of 2012 to 2018 ground-level
changes for the entire study area. (C) Estimated vertical displacement of the entire coastline between
July 2012 and June 2018. Vertical displacements recorded in national geodetic updates to the Land
Information New Zealand (LINZ) survey benchmark network to November 2018 are also shown
for comparison.

3.3. Interaction between Uplift and Substrate Type

Substrate mapping showed that the length of coastline represented by substrate type
was 14.7 km for rocky reef, 26.7 km for boulder fields, 54.3 km for mixed sand-gravel, and
4.4 km for sandy beaches. Evaluation of the interaction between these substrate types and
vertical elevation change using the most recent data showed that the majority of boulder
and rocky reef habitat was uplifted by various degrees in the 0–4 m range (Figure 6). A
small section of rocky reef that was lifted c. 6 m can also be seen in this plot, which
represents the high uplift area at Waipapa. Uplift also affected the mixed sand–gravel
and sandy beach environments to various degrees. Modest degrees of subsidence affected
small sections of coastline within all four of these substrate types, with most of these areas
being located at the far north and south of the study area (as seen in Figure 5).

3.4. Ecological Impacts

Post-earthquake measurements show that algal mortality was severe (>80% loss) in at
least one algal class at nine of the 12 study sites. High mortality (>50%) was absent at only
two sites, both of which were located at Oaro and were the only study sites characterised
by an absence of uplift, thereby functioning as controls. Vertical displacement at the field
survey sites ranged from 0.3 m of subsidence at Oaro South to 5.5 m of uplift at Waipapa
North based on the most recent data (Figure 7).
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Figure 7. Summary of earthquake-induced mortality by major intertidal taxa and associated bare
ground changes for 12 sites that experienced various degrees of uplift on the Kaikōura coast. Colours
represent the severity of changes in percentage cover from pre-earthquake values as measured in
post-earthquake field surveys within the equivalent intertidal zone with the highest severity recorded
over three surveys presented here.

Large brown algae suffered the greatest mortality across all uplifted areas, regardless
of degree of uplift. However, coralline algae also suffered high or severe mortality at
all uplifted sites. These are low-stature base algae that form the primary cover of rocky
substrates through much of the mid and low intertidal zones. Fleshy red algae showed
highly variable site-specific contributions to post-quake cover, with some sites experiencing
gains relative to pre-quake levels in the equivalent tidal zone and no obvious relationship
to uplift overall (Figure 7). However, green algae increased at nearly all sites. Ephemeral
species such as the sea lettuce Ulva bloomed extensively in the post-quake mid and low
tidal zones, likely facilitated by the initial loss of competing algal species and the extensive
mortality of intertidal grazers such as limpets and pāua (abalone) at uplifted sites, but
also the extremely warm conditions that prevailed in the 2016–2017 summer. Bare ground
increased at all sites from pre-earthquake values of 1–20%, consistent with the pattern
of total algal cover change. At some sites including the controls at Oaro but notably at
Waipapa lagoon, the increase in unvegetated substrate was partly due to sand and gravel
deposition onto rocky shores.
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Within the above overall pattern there were many site- and zone-specific nuances in
terms of impacts across the coastline. For example, it was immediately apparent that large
brown algae suffered high mortality at most sites, but these were not necessarily the same
species. For example, the low zone of the highest uplift sites around Waipapa was mostly
dominated by the large southern bull kelp, Durvillaea spp., prior to the earthquake, but
this disappeared completely from these sites post-quake (Figure 8A). Red algal species
comprise much of the diversity of this coastline. These expanded quickly in the low
tidal zone, primarily because they can regenerate from remnant patches and also can
reproduce, recruit and grow faster than most of the large brown algae that had died.
Coralline algae are tough calcareous species that form an extensive primary cover of rock
surfaces. As they desiccated and died, the soft sedimentary rocks they were on usually
eroded rapidly and disintegrated [45], contributing to gravel deposition and sediment
loads in nearshore waters along the coast (Figure 8B). Some of the worst affected areas
include reefs on Kaikōura Peninsula such as Wairepo. This one of the longest studied
coastal sites in New Zealand [39] and has an extensive intertidal platform. It was covered
in the mid-tidal zone by the bladder alga Hormosira, which suffered severe mortality from
reduced tidal inundation and increased temperatures despite the relatively small degree of
uplift (Figure 8C,D).
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Figure 8. Impacts of uplift on the Kaikōura coast. (A) Waipapa Lagoon site on high tide in the
post-quake landscape. Dead and dying bull kelp (Durvillaea spp.) and other brown seaweeds can
be seen. The pre-quake high tide mark is at the top of the large rocks, a displacement of nearly
5 m. (B) Reef erosion at Wairepo six months after the earthquake. The washer was flush with the
rock surface when installed immediately post-quake. (C,D) A graphic illustration of the severity of
impacts on habitat-forming algae at Wairepo. Despite experiencing only modest uplift, nearly all
seaweeds including Hormosira (in foreground) perished soon after the earthquake.
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3.5. Threshold Value for Relative Sea-Change Associated with High Mortality

These results show that uplift values of 0.6 m or higher were consistently associated
with high mortality in habitat-forming brown algae and also coralline algae. Despite
widespread increases in green algal cover and some increases in reds, the combined canopy
cover of all algal classes was also reduced by nearly 50% or more at all uplifted sites.
This equates to massive losses in biomass in equivalent tidal zones as a consequence
of the earthquake and reflects both losses in pre-quake populations and the failure of
compensatory recovery in the post-quake environment. It can be noted that the absence of
study sites in the uplift range 0.1–0.5 m is a limitation for identifying the true ‘threshold’
value for relative sea-change associated with high mortality on rocky shores. Despite this,
the empirical evidence strongly suggests that these effects occurred with uplift of 0.6 m
or more, and this value is adopted to estimate the extent of high or severe mortality for
the whole coast. Although we cannot fully answer the question of a potentially lower
threshold, only a small proportion of the coastline experienced uplift in the 0.1–0.5 m range,
and very little of this area has rocky reef or boulder substrata. Therefore, our estimate of
the extent of impacts would be relatively unaffected by assuming a slightly lower threshold
for relative sea-change.

3.6. Extent of Impacts across 100 km of Coast

Using a threshold value of 0.6 m, we estimate that high or severe mortality of habitat-
forming species has occurred over 87% of the rocky reef and 72% of the boulder habitat
in the study area. The length of coastline involved is 19.4 km for rocky reef and 12.9 km
for boulder habitat. In combination, major impacts have affected over 30 km of coastline
that previously supported highly productive and diverse marine communities in these
intertidal habitats. Note that the coastline considered in these calculations includes the
Oaro control sites and adjacent areas. Nearly all of the remaining coastline exceeded the
0.6 m threshold value for high or severe mortality in habitat-forming brown algae and
coralline algae. Furthermore, there are also rocky coast areas at least 30 km to the north
that are not represented in this study (due to lack of LIDAR surveys), which were similarly
affected [31].

4. Discussion

This study illustrates important considerations and methodological solutions for
producing reliable estimates of relative sea-level change at ecologically relevant scales
across a large study area. Inherent in this are crucial decisions on the selection of data that
best meet these objectives, which typically requires a compromise between the scale and
extent of potentially useful data sources. In this case, the zonation pattern and topography
of the intertidal zone drove the ecological components of interest for which a relatively
fine scale (i.e., tens of metres) is needed to resolve physical environmental changes of
consequence. In contrast, the size of the overall study area is huge in comparison because
of the sheer extent of the natural disaster event. The need, therefore, is for data with high
resolution and large spatial coverage, an ideal that is somewhat of a holy grail.

Along with other options for ground-level change analysis using satellite altimetry
platforms [46], airborne LiDAR provides an attractive data acquisition solution because
it can incorporate concurrent high resolution aerial imagery (e.g., 0.2 m resolution in this
case). As exemplified here, this imagery can be very useful for identifying and delineating
the position of mobile landforms such as rivermouths that are problematic for differencing
analyses. While direct field observations are also important to gain an understanding of
these features, the combined approach produces an efficient workflow for these manual
tasks in the analysis. Other aspects of note in this study include the use of largely terrestrial
data to estimate geographical changes in the nearby marine environment. The rationale
for this approach relates to the advantages of LiDAR data in meeting sampling objectives
(large spatial extent and high resolution), which are virtually impossible to reproduce at
this scale using any other method. This exemplifies the challenges of geographical surveys
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of the coastal interface in which the study area is exposed to periodic inundation and where
water depths are too shallow and wave-exposed for use of sonar survey platforms [47].

Our approach also exemplifies the use of sensitivity analyses as a tool for validating
methodological solutions for potentially confounding factors. We applied a nearly flat-
ground slope constraint to the differencing analysis, but we tested more than one slope
threshold to verify its efficacy. The highly correlated results suggest that a slope constraint
of 5 degrees is sufficient for these purposes in a relatively high relief study area, although
this may differ in other analysis contexts due to other combinations of ground sampling
dimensions and sampling window size. Reducing the slope threshold will generally reduce
the number of data points available for the analysis. In our case, however, the 2-degree
slope constraint did not result in the complete loss of data in any of the analysis windows,
and the mean uplift values obtained were very similar (Supplementary Material Figure S1).

Sensitivity analyses were also used to test for tilt effects as a confounding factor in the
direction of interest (perpendicular to the coastline). These analyses provided a very useful
test of assumptions around the transferability of vertical displacement estimates to nearby
locations across the shore profile, thereby addressing the main objective of supporting
intertidal ecological sampling. Within the overall workflow, these tests complement, but
cannot completely replace, the manual inspection of DEMs, differencing results and aerial
imagery to detect geographical irregularities that influence the interpretation of results
at key locations. This is exemplified by the block faulting effects on the Papatea Fault
that are visible in all three of the above data sources, but could be easily missed without
the benefit of field observations (Figure 8). In this case they directly affected our area
of interest in the new intertidal zone configuration and required manually constrained
sampling domains for the estimation of vertical displacement at those locations (Figure 2).
Overall, these aspects show that the combined methodological approach of (a) using
adjacent ‘terrestrial’ data to estimate large-scale change in the nearby intertidal zone,
and (b) sensitivity analyses for confounding factors provides a computationally efficient
approach for the estimation of vertical displacement and associated relative sea-level
changes in a difficult sampling environment.

4.1. Contribution of Temporal Changes

Along with the above approaches for estimating co-seismic displacement effects on rel-
ative sea levels at intertidal locations, the potential for ongoing change must be addressed
and considered. To provide an initial indication of potential changes at the whole-coast
scale, we used the available LiDAR data to test for further post-seismic vertical displace-
ment to 18 months post-earthquake, which is also an important time period in the context
of disaster recovery. The decomposition of ground-level changes between the co-seismic
and post-seismic periods showed that the majority of vertical displacement was associated
with the 16 November earthquake event. This is consistent with other studies that have
shown post-seismic afterslip effects associated with the Kaikōura earthquake [41,42], for
which the main locations exhibiting vertical motion are located farther north (i.e., outside
of our study area). Although there has been some degree of horizontal afterslip within our
study area, these effects are largely obscured by the use of slope constraints in our analysis.
Importantly, however, our results for the post-seismic period show there have been con-
siderable gains and losses in ground elevation at numerous sites along the coastline, even
though highly mobile landforms such as rivermouths and earthquake-damaged areas such
as road corridors were removed from the analysis. These effects indicate the contribution
of important ongoing topographical changes that involve both accretion and erosion. Both
processes continue to affect the new intertidal zone in a highly variable manner.

Field observations showed that these dynamics included extensive gravel depositions
that covered areas of former reef and boulder fields at several locations. Additionally,
many of these rocky areas are experiencing significant erosion from accelerated weathering
in their uplifted positions, which is particularly prominent on mudstone platforms. At
these sites, changes to the wetting and the additional drying time caused by uplift has
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exacerbated tension cracking, essentially shattering the upper few centimetres of the
substrate surface. This shattered material is then quickly eroded away by wind and
wave action, and is repeated in successful cycles. These reefs typically erode at 1–2 mm
annually [45,48], but lost up to 30 mm within 6 months post-earthquake [31]. At many
sites, these accelerated erosion effects have been ongoing since the initial uplift event,
suggesting that they may continue until new wave-cut platforms have lowered sufficiently
to provide wetting times that promote substrate stabilisation, consistent with established
theory [49,50]. By extension, these same conditions may be required to support the eventual
recovery of characteristic algal species at densities comparable to their former abundance
because many of the rocky surfaces are too unstable for effective recruitment of large algae.
Both of the above phenomena have obvious relevance for the re-establishment of biogenic
algal cover and are significant additional stressors.

4.2. Impact Thresholds and Contributing Factors

Our analyses indicate that the threshold of major impacts is in the vicinity of a quar-
ter of the tidal range (approximately 2 m) for the characteristic habitat-forming algal
communities in this area. The four least-uplifted of our sampling sites outside of Oaro
(which function as ‘control’ sites) provide a direct test of relative sea-level changes in the
0.6 m–0.9 m range. Changes in tidal cover at these sites were evidently beyond the adap-
tive threshold of the algal communities they previously supported, causing widespread
mortality in the intertidal zone (Figure 8C,D). This interpretation is consistent with the
general zonational pattern of these habitat-forming species. However, the empirical data
also show that compensatory recovery has not occurred in the equivalent post-quake tidal
zone and it is the combination of the two processes that are responsible for the net impact
as assessed in this study. This finding is consistent with our central hypothesis in which a
lag effect would occur in consideration of likely recruitment rates and that would manifest
as net losses in the short term. However, the severity of these losses was even greater than
expected. This primarily relates to conditions in the new post-quake intertidal area, in
which only sparse habitat-forming algae were recorded and despite the fact that many
individual algae were also uplifted into that zone from populations that were previously
subtidal. This highlights the fragility of the post-quake environment and indicates the
need for further research on the nature of contributing factors and potential timelines for
appreciable recovery to occur.

Once populations of large algae are removed, recovery can be slow where reproduc-
tive adults become widely separated due to connectivity effects between suitable habitat
for re-colonisation and the remaining recruitment sources [32]. A wide range of processes
are likely hindering recovery in the post-earthquake landscape, including the now widely
dispersed adult populations, the relatively short distance of propagule dispersal (usu-
ally only tens of meters), and limited ability of drifting detached reproductive algae to
reach sites [37]. This emphasises the importance of the remaining remnant populations
of reproductive adults. Our observations indicate that many of these individuals may
have experienced, and may continue to be experiencing, heightened vulnerability due to
interactions between relative sea-level changes and other processes. In particular, there
is mounting evidence to suggest that previously stable subtidal substrates have become
unstable and are now weathering faster as a consequence of vertical displacement into
areas of higher wave energy. This hypothesis might explain the initial loss of algae affixed
to such substrates that would otherwise appear to have remained with a suitable tidal zone
for the species, and the same effects may be hindering the re-establishment of new recruits
in these areas.

4.3. Stressors and Recovery Prospects

Related post-earthquake studies on the large southern bull kelp, Durvillaea spp., which
occupies the intertidal–subtidal fringe on wave-exposed shores, show that it is particularly
susceptible to desiccation with prolonged exposure, especially when wave splash is low and
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temperatures are high during low tide [51]. Other large brown algae such as Carpophyllum
maschalocarpum and Cystophora spp. also occur in the lowest margins of the intertidal zone
and typically die back to the lowest portion of the tidal zone if tides are exceptionally low,
wave splash is small, and air temperatures are high. Losses were also observed in the
formerly extensive mid-intertidal beds of the fucoid Hormosira. This is the most desiccation-
tolerant of the fucoid species (the large brown algae of the intertidal zone) and typically
recovers quickly [52], even after prolonged exposure at low tides. For example, the 0.9 m of
uplift experienced by the Wairepo reef platform resulted in wetting times of 2–2.5 h of the
5 h of pre-earthquake daily high tide inundation in the semi-diurnal tidal cycle. Despite
remaining within the tidal zone, desiccation stress from air temperatures often exceeding
40 ◦C above the reef surface and elevated water temperatures as tides covered the reefs
to only shallow depths, proved too harsh for Hormosira to persist. In most places it died
off over a period of 6 weeks post-earthquake. This species facilitates productivity and
very high diversity by shading other species below its canopy, and its near-total loss was
catastrophic for local diversity.

Interactions between the degree of uplift and topography of the shore platform are
highlighted in the above processes and provide a further layer of complexity that underpins
the pattern of loss. As the Hormosira example shows, relatively small changes in intertidal
position can affect water temperatures and susceptibility to desiccation that may represent
a tipping point leading to complete loss of the pre-existing population. Furthermore, these
losses can involve extensive areas where the intertidal topography is relatively flat, as is
a feature of many reef platforms on the Kaikōura coast. These topographical aspects are
additional to the coastal erosion and deposition effects discussed above, which can also
be catastrophic for both remnant algae of uplifted surfaces and newly established recruits.
Fine silts are also abundant in the post-earthquake environment and add further stresses
associated with the smothering of rocky substrates and occlusion of nearshore waters,
leading to reduced light transmission and impacts on photosynthesis.

5. Conclusions

This work has been an important milestone in relating ecological damage along an
extensive stretch of coastline to vertical displacement caused by one of the major seismic
events in modern times. This is the first study to quantify relative sea-level changes at the
position of the new intertidal environment and the first to estimate the extent of earthquake
impacts on major habitat-forming algal species that are characteristic of the Kaikōura region.
In doing so, we demonstrated a practical workflow for translating high-resolution data
from nearby terrestrial areas to adjacent data-poor intertidal areas that includes sensitivity
analyses to assess validity.

Our assessment of major impacts associated with the relative sea-level change reflects
losses of habitat-forming macroalgae in the equivalent pre-quake and post-quake intertidal
zones compounded by a lack of recruitment into the latter. Our whole-coast estimate
of c. 90% mortality of large algae on a percentage cover basis provides some indication
of the tenuous starting point upon which future recovery depends. The intensity and
frequency of hydro-ecological changes and continuing interactions between stressors are
key influences on recovery processes that will have legacy effects for many years to come in
this coastal area, and similarly in other natural disaster contexts. Against this broad-scale
backdrop it will be important to follow the fate of the remnant populations in addition
to the establishment of new recruits. Both remain vulnerable to the effects of additional
stressors, including those already observable and potentially for additional extreme events,
particularly heat waves, in future years.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/geohazards2040016/s1, Figure S1: Regressions of uplift values for 2-degree and 5-degree
slope constraints for the three analysis window sizes that differed in their landward dimension
perpendicular to the coastline. Figure S2: Vertical displacement of the Kaikōura coast for the period
July 2012–June 2018 within three analysis window sizes (50 × 50 m, 50 × 200 m, 50 × 500 m) differing

https://www.mdpi.com/article/10.3390/geohazards2040016/s1
https://www.mdpi.com/article/10.3390/geohazards2040016/s1
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in their landward dimension. These calculations used a 5-degree slope constraint to control for
horizontal displacement effects. Figure S3: Density plot of the degree of uplift experienced within
a classification of four substrate types found on the Kaikōura coast for the period July 2012–June
2018. Calculations used a 50 × 50 m analysis window and a 5-degree slope constraint to control for
horizontal displacement effects. Table S1: Post-earthquake algal cover expressed as the percentage of
pre-earthquake values for 12 sites on the Kaikōura coast. Data show the minimum values recorded
over three post-quake sampling campaigns during the period to 18-months post-quake in which
algal mortality was occurring at variable rates. The average percentage cover of four algal classes
(brown, red, corallines, green) was recorded (species by species and then grouped) in 1 m2 quadrats
sampled at random positions throughout the algal-dominated mid- and low intertidal zones. The
total cover value can sum to > 100% due to layering and overlapping of algal species.
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