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A global model to forecast coastal hardening and
mitigate associated socioecological risks

Oliver Floerl®'%, Javier Atalah’, Ana B. Bugnot©23, Mitchell Chandler'¢, Katherine A. Dafforn©4,
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Around the world, coastal urbanization continues to replace natural marine habitats with engineered structures, resulting in
wholesale changes to shallow-water ecosystems and associated socioecological impacts. This process is expected to continue
over the coming decades. The development of meaningful strategies to minimize future impacts requires an understanding
of the rate at which ‘coastal hardening' will take place regionally. Here we show that coastal infrastructure has replaced more
than half (52.9 + 4.9%) of the coastline associated with 30 global urban centres. The regional extent of coastal hardening is
explained by eight predictor variables associated with shipping, boating, regional economies, populations and coastline length.
Using a case study approach, we forecasted a 50-76% expansion of coastal infrastructure over a 25-year period. Our model can
aid decision-makers to anticipate increases in coastal hardening, supporting identification and management of future threats

to coastal ecosystems alongside social, economic and cultural objectives.

n urbanized coastal areas around the world, seawalls, breakwalls,

wharves, piers, pontoons and other structures (‘coastal harden-

ing’) have replaced rocky reefs, sandy beaches, mudflats and
mangroves. This process has been driven by the development of
civic infrastructure, recreational and commercial shipping facilities,
and the need for coastal protection?. Globally, the present (2018)
footprint of engineered coastal and offshore structures (including
ports, energy extraction infrastructure and telecommunication
cables, among others) is estimated to be at least 32,000 km?, prob-
ably representing an underestimate’.

Engineered coastal structures have very different physical char-
acteristics than the natural habitats they replace, often resulting in
an extensive reduction in intertidal and shallow subtidal areas, and
shifts from soft sediment to hard substrates and from natural (that is,
rock, sand) to artificial (that is, concrete, plastic, steel) substrates™*.
These shifts can drive dramatic changes in functional profiles, pro-
ductivity and ecosystem service provision of ecological commu-
nities™, with severe associated impacts. For example, the ‘trophic
footprint’ (energy consumed) of 1m? of invertebrate-dominated
engineered structures can negate the primary production of up to
130m? of surrounding coastal waters’. Globally, an estimated 1.0-
3.4 million km? of seascape has been modified by the installation of
engineered coastal structures”.

Coastal hardening can also exacerbate the establishment and
spread of marine non-indigenous species (NIS)**’. Ports and mari-
nas associated with coastal centres worldwide are vast artificial
environments that represent important nodes in complex mari-
time transport networks, acting as sources and recipients of marine
NIS". These networks connect domestic and international coastal
environments, including those associated with high ecological,
economic, societal and cultural value''-**. Globally, the spread of
marine NIS has contributed to dramatic, often irreversible ecologi-
cal changes to coastal ecosystems'”.

Coastal ecosystems are also heavily impacted by population
growth. Substantial levels of future growth are expected and will be

accompanied by additional coastal hardening, particularly in areas
that require protection from the impacts of climate change'*-"".
These congested coastal spaces will increasingly require spatial
planning and management to ensure a balance between ecologi-
cal, economic and sociocultural objectives'®. The ability to forecast
the likely expansion of coastal infrastructure at the scale of regional
jurisdictions or other spatial units would enable planners and
decision-makers to anticipate potential impacts relating to habitat
loss, changes in species pools, ecosystem services and social and
cultural values, and develop proactive mitigation strategies'>*’. A
tool for this does not presently exist.

Here, we mapped coastal hardening associated with 30 inter-
national urban centres and, using machine-learning algorithms,
developed a model to forecast the regional expansion of 4 globally
common coastal infrastructure types. We applied this model to
New Zealand as a case study location and show the model’s util-
ity for anticipating regional distributions and future hotspots of
socioecological risks over a 25-year period.

Results

We quantified the present-day extent (linear km) of coastal harden-
ing associated with the regional coastlines of 30 global urban cen-
tres (Fig. 1). Coastal infrastructure accounted for approximately half
(52.9+4.9%; mean =+ standard error) of the total regional coastline
(up to 860km per centre) around the locations examined (Fig. 2).
Breakwalls were the most abundant type of coastal infrastructure
(61+3% of total regional infrastructure), followed by pontoons
(14.5+2.4%), wharves (14.1+1.5%) and jetties (10.7+1.3%).
Opverall, the maximum extents of breakwalls, pontoons, wharves and
jetties found at any one study location were 254km, 66 km, 74.5km
and 138 km, respectively (Fig. 2). Owing to their construction away
from the shore, jetties and boating pontoons add ‘new’ rather than
replace existing coastline (Supplementary Fig. 1). Across the loca-
tions mapped, these structures had added 13 +1.9% to the original
(natural) coastline.
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Fig. 1| Costal hardening extent determined for 30 global urban centres. a-e, Insets provide details on centres examined around North America (a, b), the
United Kingdom (c), Australia (d) and New Zealand (e). Maps are from ArcGIS Living Atlas of the World.

Predictors of coastal wurban infrastructure. We used
machine-learning algorithms to examine the utility of 25 candi-
date variables associated with regional economy, population, trade
and geomorphology as predictors of present-day coastal hardening
(Table 1). The random forest ‘feature selection’ algorithm identified
nine important or tentative variables, and these were used to develop
a predictive model. Eleven variables were identified as unimportant,
including four variables relevant to the effects of climate-induced
increases in storm surges and sea-level rise (tidal range, per cent
sand content of shoreline, per cent mud content of shoreline and
mean significant wave height). Five variables were highly colinear
(that is, variance inflation factor >3) and were excluded from sub-
sequent analyses (Table 1).

Random forest models fitted to the global dataset, compris-
ing the 9 important or tentative predictors, returned 8 final vari-
ables that together best explained the present-day extent of coastal
hardening across all 30 locations. For the model that incorpo-
rated all infrastructure types, these were, in decreasing order of
relative importance: port vessel visits, number of marinas, port
revenue, regional gross domestic product (GDP), council popula-
tion, total coastline length, port cargo and container throughputs
(Table 1 and Supplementary Box 1). The relative importance of
predictors varied slightly between models for specific infrastruc-
ture types (that is, breakwalls, pontoons, wharves and jetties) but
generally shipping- and boating-related variables had the high-
est relative importance. Model training achieved good corre-
spondence between observed and predicted values for all models
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(R* of 0.86-0.92). Final model fit was good overall, with root mean
squared error equating to approximately 10% of the data range of
the response variables. The best-performing models were derived
for total coastal infrastructure extent and extent of pontoons and
wharves, accounting for up to 54% of the variation in the data
(Supplementary Box 1).

Forecasting future coastal hardening with a New Zealand case
study. Regional economic, population and trade growth scenarios
(25-year horizon) were applied to the final random forest models
(Tables 1 and 2; Supplementary Data 1) to forecast the extent of
hardening across New Zealand’s urban centres. The models pre-
dicted a total increase of 243km (low-growth scenario) to 368 km
(high-growth scenario) in coastal infrastructure by 2043 for New
Zealand’s coastal urban centres combined, representing a 49-76%
increase relative to 2018 (Fig. 3). The greatest absolute increases were
predicted for breakwalls (104 to 161km under low- to high-growth
scenarios, respectively), equating to a relative expansion (relative
to 2018 extent) of 31-48%. The highest relative increases were pre-
dicted for shipping wharves (125-191%) and jetties (119-197%),
although these involve considerably smaller absolute expansions
(44-75km; Fig. 3a).

The greatest proportion (67%) of the total domestic increase
in coastal hardening was predicted for Auckland, Tauranga and
Lyttelton harbours, accounting for 14-26% of expansions in break-
walls, 19-42% in jetties, 20-26% in wharves and 11-35% in pon-
toons (Fig. 3b). Increases in the extent of coastal hardening by 2043
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Fig. 2 | Present-day extent of coastal infrastructure associated with 30 international urban centres. Bars represent the coastline distance (km) occupied
by each structure type; per cent values indicate the artificial (hardened) proportion of the total coastline associated with the urbanized harbour.

were also forecast for most other urban centres. By 2043, 52-61%
(low- to high-growth scenarios) of the regional coastline associated
with the New Zealand case study locations will be artificial (hard-
ened), compared with 35% in 2018.

Coastal hardening and NIS risks. Since 2001, between 18 and
66 marine NIS have been detected in coastal waters around New
Zealand’s urban centres by government-led nationwide baseline sur-
vey and targeted surveillance programmes. We found a significant
relationship (R*=0.57, P<0.01) between the 2018 extent of coastal
hardening around coastal urban centres and the number of marine
NIS detected in each (Fig. 4). Application of the regression model
to the 25-year coastal hardening forecast for regions around New
Zealand predicted greatest increases in NIS occurrence at Tauranga,
Auckland, Lyttelton, Napier and Picton harbours. This outcome
is almost identical to (1) our global model’s ranked regional dis-
tribution of total forecasted increases in coastal hardening and
(2) the ranked domestic biosecurity risk scores derived for New
Zealand’s international arrival ports via state-of-the-art risk mod-
els (Supplementary Table 1). There was also good correspondence
between our model’s predictions and the domestic biosecurity risk
scores for the lower-ranking locations.

Discussion

Our study shows that coastal hardening is consistently exten-
sive around urbanized harbours and estuaries in global locations
including North America, the United Kingdom, Australia and New
Zealand. On average, over half (52%, or 2,135 linear km) of the total
coastline associated with each of the 30 mapped locations is already
artificial. We also show that eight variables associated with com-
mercial shipping, recreational boating, regional economic status,
population size and regional coastline length can robustly predict
the extent of coastal hardening associated with urbanized harbours

and estuaries. Variables related to shipping and boating had the
highest relative importance.

The construction of novel habitats (jetties and pontoons) has
increased the original coastline length by an average of 13%. It was
recently estimated that construction of shipping ports around the
world (of which there are at least 6,500) has replaced 4,500 km? of
coastal habitat>*'. In our study, port-related infrastructure repre-
sented on average only 14% of the overall extent of infrastructure
associated with each urban centre, while the remainder consisted
of civic structures and recreational boating facilities. Together, our
study and others®” have demonstrated the massive extent of natural
habitat loss from coastal hardening around global coastlines.

Forecasts developed for a case study location (New Zealand)
predict a considerable expansion in the extent of coastal hardening
around domestic urban centres over the coming 25 years. Predicted
rates of increase appear realistic when compared with historical
expansions of coastal hardening recorded in New Zealand over the
past 50-80 years (84-127%; Supplementary Fig. 2) and are consis-
tent with recent strategic assessments by government and industry
regarding expected domestic requirements for civic and transport
infrastructure”~*. Interestingly, variables relevant to the effects of
storm surges and sea-level rise were not recognized as important
predictors of the present-day extent of coastal hardening. However,
climate change and the increasing threat of sea-level rise might drive
changes in management focus in the future’*. For locations where
this becomes the case, forecasts derived using our model might be
conservative, in particular for breakwalls (structures frequently
built to stabilize erosion-prone coastlines). Our current model
assumes a business-as-usual scenario but understanding and incor-
porating potential shifts in socioeconomic priorities is an important
future refinement as information becomes available.

The socioecological implications of further increases in coastal
hardening are considerable. It will result in the loss of extensive
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Table 1| Candidate predictor variables for coastal hardening and stages of analysis they were used in: exploratory analyses based on
New Zealand case study data; development of global predictive model; and final model and forecasting

Variable, unit, period

Model stage

Exploratory analysis

Regional GDP ($NZ, 2017) v

Regional GDP growth (% p.a.,
2005-2015)

Council population (2017)

Economic

Demographic
Regional population (2017) *
Urban population (2017) *

Council population growth (% p.a.,
2006-2016) *

Regional population growth (% p.a.,
2006-2016)

Urban population growth (% p.a., v
2006-2016)

Population density (per km? 2015) v

Local port cargo throughput (tonnes, v
2016)

Local port container throughput v
(20-foot equivalent units (TEU),
2016)

Local port vessel visits (2016)
Local port revenue ($NZ, 2016)
Number of marinas (2016)
Number of marina berths (2016) *
Harbour type

NN NN

<

Shipping and boating

Geomorphological
Coast length
Harbour mouth width (km)
Harbour length (km) *
Harbour surface area (km?)
Intertidal area (km?)
Tidal range (m)
Sand content intertidal (%)
Mud content intertidal (%)

AN N N N N N Y SR N N NN

AN

Mean significant wave height (m)

Final model and
forecasting

Development of global
predictive model

4 4
v v/
4 v
4 v
4 4
4 v
v 4
4 v
4

Final models were fitted using government and industry predictions for variables tagged for ‘final model and forecasting' (Supplementary Data 1). Variables removed due to collinearity are marked with

an asterisk *.

remaining natural habitat (beaches, rocky reefs, mangroves, mud-
flats and others), with important consequences for shallow-water
and coastal ecological communities, trophic processes, nutrient
cycling and cultural/spiritual values®*>**. For example, the capac-
ity of ecosystems to store and degrade nutrients may be reduced
through loss of sedimentary habitat’, while overall productiv-
ity might be enhanced due to the increase of hard substrates and
the development of sessile biofouling communities on these. On
average, each square metre of global coastal hardening infrastruc-
ture features 16.7kg of sessile biomass that consumes the energy
equivalent of 26 m? of ocean surface primary production per day’.
Further increases in the cumulative ‘trophic footprint’ of coastal
hardening will deplete important resources for coastal marine
ecosystems already under pressure from other processes such as
pollution and harvesting®”.

Further substantial increases in coastal hardening will also facili-
tate the establishment and spread of marine NIS*’, exacerbating
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impacts on native ecosystem processes, the operations and produc-
tivity of aquaculture and other maritime industries and the integrity
of cultural values*?. Our case study models’ ranked predictions
of (1) the domestic distribution of coastal hardening increases for
the coming 25 years (‘hardening hotspots’) and (2) the associated
increases in the occurrence of marine NIS both correspond well to
independent modelling of domestic marine biosecurity risk asso-
ciated with New Zealand’s main international arrival ports®. This
highlights the utility of coastal hardening forecasts for identifying
likely future ‘hotspots’ of NIS establishment, ideally in association
with maritime trade models™.

Interpretation of forecasts. Our models indicate that regional rates
of coastal hardening can be forecast based on present-day values
and expected growth rates of only eight variables (port vessel visits,
number of marinas, port revenue, regional GDP, council popula-
tion, port cargo and container throughputs, and total coastline
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Table 2 | Summary of growth predictions used to forecast the
potential for regional increases in coastal infrastructure around
New Zealand

Predictor type Predicted annual growth rates (% p.a.) to
2043 (regional ranges for 14 coastal centres)
Low growth  Moderate High growth
growth
Ports and shipping
Cargo 0.70-1.90 0.85-2.05 1.00-2.30
Containers 0.70-2.50 0.85-2.80 1.00-3.20
Vessel visits 0.70-2.10 0.85-2.40 1.00-2.70
Port revenue 0.70-2.10 1.94-2.40 1.00-2.70
Marinas 0.25-0.35 0.40-0.47 0.55-0.65
Council population —-0.90 to —0.20t0 1.50 0.30-1.90
growth 1.00
Regional GDP growth 3.18-4.68 4.24-6.23 4.66-6.86

Data sources and exact figures for regional growth estimates in low-, medium- and high-growth
scenarios are included in Supplementary Data 1.

length). Collation of these data should be very achievable for most
planning and management agencies around the world. Forecasts of
regional rates of coastal hardening are best interpreted as potential
for infrastructure expansions of a predicted magnitude. Depending
on geological, industrial, political and societal factors this poten-
tial for growth may be realized in different ways: via (1) construc-
tion of new infrastructure, (2) urban expansion away from the
coast, (3) increasing the efficiency of existing infrastructure or (4)
outsourcing particular activities or services to other regions**.

This interpretation allows for the consideration of location-specific
circumstances when translating regional forecasts into actual
expected growth for planning and mitigation purposes. For exam-
ple, the current (2018) proportion of artificial coastline for the 30
urban centres examined varied from 5.4% to 83%. Those at the
upper end of this range may be more likely to rely on strategies (2),
(3) or (4) (above), while strategy (1) may be feasible for centres with
larger proportions of remaining undeveloped coastline.

Minimizing the impacts of continued marine urban sprawl.
Marine spatial planning (MSP) aims to manage ocean spaces by bal-
ancing multiple stakeholders and objectives. MSP is a growing field
given the increasing global importance of the Blue Economy* and
the multiple pressures threatening marine systems’’. Coastal devel-
opment has historically occurred primarily in response to socio-
economic objectives, with less emphasis on ecological or cultural
considerations™. MSP together with innovations in multifunctional
design and biosecurity has the potential to manage future spread
of built structures in the oceans to address different stakeholder
needs'®**** and provide options for reconciliation of socioeconomic
and ecological priorities™. The model developed here provides an
important tool for MSP decision-making by enabling forecasts of
regional rates of coastal hardening. This information, combined
with innovations in ecological engineering, biofouling control
and species monitoring tools, could support improved spatial risk
assessment for conservation and biosecurity. Three important avail-
able avenues are discussed below.

Designing multifunctional coastal infrastructure. Multipurpose
offshore platforms are becoming more widely implemented,
with energy and aquaculture combining to co-locate systems
and maximize benefit from a smaller ocean footprint*. A recent
assessment™ proposes seven functions (or goals) that could be
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Fig. 3 | Coastal hardening forecast for New Zealand. a, Forecasted increase in the extent of coastal infrastructure associated with New Zealand's urban
centres by 2043. Bars represent predicted absolute increase according to low-, moderate- or high-growth scenarios; percentages indicate predicted
increase relative to 2018. b, Regional distribution of the forecasted change in coastal hardening extent for the New Zealand case study locations by 2043
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Fig. 4 | Relationship between present-day extent of coastal hardening

in New Zealand case study locations and the numbers of NIS occurring
around these locations. Black circles depict case study locations; regression
line (blue line) and 95% confidence intervals (shading) are overlaid.

incorporated into the design of coastal structures in addition to
traditional engineering functions: (1) maintenance of local native
biota; (2) restoration of local biodiversity; (3) maintenance of
regional biodiversity; (4) provision of educational and recreational
opportunities; (5) maintenance of water quality; (6) facilitation of
carbon storage; and (7) support of aquaculture and food produc-
tion. We propose an additional, eighth function: the enhancement
of cultural or spiritual values, where the design of infrastructure
aims to restore or increase populations of species valued for tra-
ditional gathering, or to compensate for the impacts on other
cultural values”. While the incorporation of multifunctionality
into infrastructure development may not be able to mitigate tro-
phic footprints or direct construction impacts, there is the poten-
tial to reduce the spatial extent of development if some functions
are combined and offset impacts via the provision of ecological,
societal, cultural or economic services'®*.

Minimizing NIS populations on coastal infrastructure. Submerged
coastal infrastructure, in particular structures associated with ship-
ping and boating facilities, are attractive substrates for NIS and
often function as hotspots for invaders*®'°. Our model highlighted
the potential for substantial future increases in the spatial extent of
these structures (pontoons, wharves and jetties) around our case
study area, highlighting a need for innovation in intervention mea-
sures. Novel strategies to minimize the establishment of NIS on
coastal infrastructure include environmentally friendly antifoul-
ing solutions such as surface treatments, air-bubble based protec-
tion technology or augmentative biocontrol*~*. Reducing resident
populations of problem organisms on key infrastructure will limit
propagule production and colonization rates of locally moored ves-
sels and, thereby, the frequency with which NIS or other problem-
atic species are spread to further destinations.

Development of improved monitoring tools. Improved surveillance
and monitoring tools can enhance our ability to detect adventive
populations of marine NIS or other harmful (for example, patho-
genic) species. Revolutionary advances continue to be made in the
development, operationalization and cost-effectiveness of molecu-
lar tools for environmental monitoring and assessment”’~*. Wide
and effective implementation of such tools and prospective auto-
mation of molecular-based detections can help mitigate some of
the risks associated with ‘unprotected’ infrastructure. Integration
of technologies such as those described above with the model
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developed in this study could help prioritize locations where
interventions are best directed.

Summary. Marine urban sprawl is expected to continue around
the world**. The modelling framework described here facilitates
forecasting of regional rates of increase in the world’s most com-
mon types of coastal infrastructure based on economic, population,
transport and geomorphological predictors, and the identifica-
tion of likely hotspots of future NIS incursions. The model can be
adapted by global planners and decision-makers to manage increas-
ingly congested ocean spaces more sustainably and to focus envi-
ronmental solutions on prioritized structures and areas.

Methods

We quantified present-day coastal hardening in 30 global urban centres and
developed a model to forecast regional increases in coastal hardening, using New
Zealand’s urban harbours and estuaries as a case study. This model was developed
based on observations from global coastal centres, using a five-step approach
(Supplementary Fig. 3). First, we quantified the present-day extent of coastal
hardening associated with 30 global coastal urban centres. Second, exploratory
analyses for 14 of these locations were used to identify predictors of coastal
hardening from a larger set of candidate variables. Third, data for the predictor
variables identified in step 2 were collected for the remaining global locations.
Fourth, a predictive model was constructed and validated using the overall dataset.
Lastly, the model was applied to forecast coastal hardening for 14 New Zealand
coastal centres by 2043 (a 25-year horizon), based on 3 expected growth scenarios
for the economic, urban and demographic predictors identified in step 2.

Quantification of present extent of coastal infrastructure. We determined the
spatial distribution and extent of coastal infrastructure associated with 30 global
coastal centres. To develop a model with wide applicability, we ensured that

the urban centres selected represented a large gradient in area, population and
economic aspects. By necessity, our selection was also guided by the availability
of reliable, high-quality data for predictor variables. Unfortunately, this precluded
the incorporation of locations from coastal regions around Asia, Africa and
South/Latin America, particularly those within developing nations. Our 30 global
centres were located around Australia, New Zealand, the United Kingdom and
North America. All centres were situated within protected harbours or estuaries,
or protected by coastal islands, and comprised urban/civic, shipping and boating
facilities (Fig. 1). The absence of model locations situated in some regions of the
world mean that the final model is probably not applicable to all global regions.
However, as data for those regions become available, our model can be readily
updated to provide benefits for areas currently not included.

Coastlines associated with each of the targeted locations were digitized based
on 0.5m resolution or higher satellite and aerial imagery (Land Information New
Zealand’s imagery basemaps, Esri’s World Imagery (2014-2018; DigitalGlobe,
councils and Marine GeoLibrary)) using ArcGIS Pro (version 2.4.0). Where
urban centres extended into coastal areas beyond the harbour’s or estuary’s
entrance, digitization was completed to the jurisdictional boundary. For each
location, we mapped the extent of (1) natural coastline and (2) four main
types of artificial structure: breakwalls, shipping wharves, jetties and floating
pontoons (Supplementary Table 2 and Supplementary Fig. 1). While pontoons
are floating structures, they have a stationary footprint and 50-year service lives.
Floating marinas are consented as permanent installations and hence included
as coastal infrastructure in our study. Geodesic length of each mapped element
was calculated using New Zealand Transverse Mercator projection and relevant
Universal Transverse Mercator projection zones for international regions. For
large structures such as wharves and piers, the outer perimeter was delineated,
while smaller structures such as jetties were represented by single lengths. For
marina pontoons, the total length included their central walkway and all associated
finger wharves. Natural coastline was traced along estimated high tide lines.

For the 14 New Zealand locations, the surface area of all natural and artificial
coastline elements was also calculated using Land Information New Zealand’s
bathymetry data and standardized equations (details in Supplementary Box 2).
Correlation analysis determined a strong association between linear and surface
area extent of coastal artificial structures around New Zealand harbours (Pearson’s
r=0.90; P<0.05). Based on this correlation, digitization of global model locations
quantified only the linear extent of coastal infrastructure.

Choice of case study area. We chose New Zealand as a case study area to identify
potential predictors of regional increases in coastal hardening for several reasons.
First, it is a maritime and highly urbanized™ country featuring numerous coastal
centres of varying size located in or around protected harbours and estuaries.
Second, New Zealand’s economy is heavily reliant on shipping, and it is a popular
destination for international and domestic cruising yachts. As such, New Zealand’s
coastal urban centres generally feature shipping and boating infrastructure,
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which are thought to be strong drivers of coastal development and the spread
of non-indigenous marine species>. Finally, excellent datasets are available for
New Zealand relating to a wide range of potential predictor variables for coastal
hardening, via resources offered by regional or central government agencies,
industry groups or science organisations.

Identification of candidate predictor variables. We identified a total of 25
economic, demographic and geomorphological/environmental variables as potential
predictor variables of the present-day extent of coastal hardening (Table 1). These
candidate variables were selected because (1) they had been identified as drivers of
urban expansion in previous studies'>”, (2) they had been identified as key variables
for the classification of New Zealand’s estuarine and coastal marine environments™
and (3) in the case of geomorphological variables, they had direct relevance to
expected effects of climate change. Using the 14 New Zealand case study locations,
exploratory analyses were then undertaken to identify a constrained subset of
potentially important predictors before collecting these data for the remaining
global urban coastal centres (Table 1).

Random forest models were the primary statistical technique used to (1) explain
present-day extent and (2) predict future growth of coastal infrastructure (below).
Random forests are a non-parametric, machine-learning algorithm method that
uses classification and regression trees to classify data or make predictions™.

They bootstrap data to construct multiple trees grown with a randomized subset
of the predictors and often outperform traditional regression approaches™. Two
approaches were used to identify the important variables amongst the candidate
predictors. First, the relative importance of the 25 candidate variables was examined
using random forest ‘feature selection’ (R package Boruta™) in relation to the
present-day extent of (1) the total extent of coastal infrastructure and (2) the
extent of each of the four different structure types (that is breakwall, wharf, jetty
and pontoon) for the 14 case study locations. This approach utilizes an algorithm
designed as a ‘wrapper’ around the random forest classification algorithm that
iteratively removes variables that are proven by a statistical test (based on z
scores) to be less relevant than random probes. Secondly, correlations between
the remaining variables were then identified using variance inflation factors and
sequential removal of predictors with a variance inflation factor <3 (ref. 7).

Construction and validation of a global predictive model. Data for the 9 variables
identified as important predictors in the exploratory analysis (Table 1) were obtained
and collated for all 30 global model locations (Supplementary Data 1). Random
forest models were then fitted using the R software packages randomForest™

and Caret™ for the total linear extent (km) of coastal infrastructure and for each

of the four infrastructure types. Models were validated using 10-fold repeated
cross-validation. Final models were selected based on the root mean squared error,
enabling optimal model parametrization regarding number and depth of trees. Final
models included 8 predictor variables (Table 1) and were used to forecast the extent
of coastal hardening around New Zealand by 2043, a time horizon of 25 years at the
time of the analyses.

Forecasting future coastal hardening with a New Zealand case study. Using
government (for example, Stats NZ, regional councils and central government
agencies), industry (for example, port and shipping companies and representative
industry bodies) and financial (for example, banks and economic institutions)
publications and databases (Supplementary Data 1), the final models were

used to forecast the change in coastal hardening (total extent and extent of the
four infrastructure types) around New Zealand based on expected economic,
demographic and trade-related information. Forecasting was undertaken for a
25-year time horizon (2043) using low-, moderate- and high-growth scenarios
identified from the predictor sources. For many predictors (for example,
population increases, economic growth and some shipping trade variables),
expected annual growth rates have been published for the modelled time
horizon. For some other variables (for example, growth in recreational vessel
marinas) published information included past average annual growth rates or
shorter-term future growth rates. In those instances, annual compound growth was
calculated and extrapolated to the 25-year horizon (Supplementary Data 1). The
variance around the forecasted coastal infrastructure extent was calculated using
infinitesimal jack-knifing. This technique works by omitting each observation
(leave-one-out) and rerunning the estimate with the remaining data. Variances
were square-root transformed to provide a standard deviation for each data point
(Supplementary Box 1).

The outlook by industry and government at the time of model development
suggested small to considerable annual growth relating to ports (0.7-3.2%),
marinas (0.25-0.65%) and economic productivity (2.9-6.9%) for all of New
Zealand’s urban centres examined and with considerable ranges between low and
high growth-scenario predictions. Expected annual population growth was usually
positive (averaging 0.5% across regions, with a maximum of 1.9% for Auckland)
but low- and moderate-growth scenarios predicted population declines of up to
0.1-0.9% p.a. (predicted annual growth rate) for some areas on the North Island’s
east and the South Island’s west coasts (Table 2 and Supplementary Data 1). All
the information utilized for model and forecast development was issued before the
onset of the COVID-19 pandemic.
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Relationships between coastal hardening and NIS occurrence. We used linear
regression analysis to examine potential associations between the degree of
coastal hardening (cumulative extent of all infrastructure types mapped) and
the number of marine NIS occurring around coastal urban centres in our case
study region. Validated datasets from government-funded national baseline
and target surveillance programmes (2001 to ongoing) provided the number
of non-indigenous marine species reported from 12 of the 14 New Zealand
model locations in 2018 (ref. °°) (Supplementary Data 1). These numbers were
regressed on the extent (linear km) of coastal hardening associated with each of
the 12 locations.

We then applied the derived relationship between coastal hardening and
NIS occurrence to the predicted regional increases in coastal hardening (25-year
timeframe, see above). This provided estimates of the number of new/additional
NIS that might be expected for each of the New Zealand locations given the
predicted increases in coastal hardening. It was not our intention to use this
relationship to make empirical predictions of the likely emergence of new NIS.
Instead, we wanted to explore any correspondence of these results to recent
quantitative risk modelling commissioned by the New Zealand government that
examined the relative importance of New Zealand coastal centres as recipients
of new NIS based on shipping patterns and associated transport of organisms in
ballast water and via hull fouling™. We thus ranked our case study locations in
accordance with: (1) their relative contribution to the total predicted increase in
domestic coastal hardening (New Zealand-wide by 2043; Fig. 3), (2) the number
of new NIS expected based on the regression equation and our coastal hardening
forecasts and (3) each centre’s ‘biosecurity risk score’ (ranked) derived from the
risk models by Hatami et al.”’. We then examined the correspondence of regional
rankings according to (1), (2) and (3) to assess how our predictions compare with
a sophisticated biosecurity risk analysis based on biofouling and ballast water
discharge models.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All data collected and analysed during this study are included in the Supplementary
Information and a spatial geodatabase available at https://github.com/ofloerl/
Coastal-Hardening.

Code availability

No custom computer code or algorithm was used to generate results. The software
environment R was used for all data exploration, statistical analyses and model
development described in this manuscript using freely available R packages.

The R workflow is at https://github.com/ofloerl/Coastal-Hardening.
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Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

We quantified coastal hardening (the linear extent [km] of formerly natural coastline that has become replaced by built urban and
industrial infrastructure) associated with 30 coastal urban centres around New Zealand, Australia, North America and the United
Kingdom. Our objective was the development of a predictive model to enable regional-scale forecasts of future expansions in coastal
infrastructure - and the development of strategies to mitigate the associated ecological, social and cultural impacts. Using non-linear
modelling approaches, and starting out with a set of 25 candidate explanatory variables, we identified a predictive model that
explains present-day extent of coastal hardening on the basis of eight predictors associated with regional population size/growth,
gross domestic product, shipping and trade, boating activity and geomorphological characteristics. Using New Zealand as a case-
study, we apply this model to existing government and industry predictions regarding population, tourism and trade (low, moderate
and high growth scenarios) and derive a 25-year forecast for the potential spread of coastal infrastructure around New Zealand's
coastal regions. The model can applied to other areas of the world.

Study locations: we chose a total of 30 urban centres from New Zealand, Australia, North America and the United Kingdom. The
centres had wide size ranges (10,000 - 2.8 million inhabitants), and were located in a wide size range of harbours or estuaries (16 -
505 km coastline length). They also spanned wide ranges in other physical, demographic or economic characteristics. This wide range
and global distribution was ensured to: (1) maximise global application of our model, and (2) since we chose New Zealand as a case-
study location for application of the model we needed to ensure that global model locations included - and exceeded - the range of
predictors applying to the New Zeland locations. With regard to the generation of regional and domestic forecasts (to 2043), the best
available growth predictions from government agencies, national statistical departments, maritime and financial industry and
published literature were utilised. In many cases this involved white/technical/non-peer reviewed reports, datasets and literature but
this was unavoidable. All sources are identified in the Supplementary Information.

We focused our study on urban centres associated with coastal harbours and estuaries, or protected by coastal islands. This was
done (1) to standardize the general environmental settings as far as possible and (2) because most - but not all - global urban centres
were originally and deliberately established in such locations due to the sheltered conditions (from swell, storms) they provide. As
stated above, we needed to ensure that our sample size included centres that spanned and exceeded the ranges in key predictor and
response variables associated with our case-study locations. This influenced the choice of sampling locations both small (e.g.
Nainamo, Canada) and large (e.g. Baltimore, US, and Vancouver, Canada). A further consideration in the choice of sampling locations
was the availability of reliable predictor data (e.g. GDP, shipping and boating traffic, trade volume and growth, population size/
growth, demographic/population size and growth) and the need for the range in these predictors to span and exceed those of the
case-study locations. Prior to confirming a sampling location we undertook searches for relevant published literature, government or
industry reports, financial predictions and, where necessary, made contact with regulatory agencies, port/marine companies, and
other organisations to ascertain the availability of critical data. We capped our study at a sample size of 30 global urban centres. This
was done for two reasons. First, they ranged from a population size of < 20,000 inhabitants to nearly 3 million inhabitats, with similar
ranges in physical size and trade / shipping related dimensions. This was regarded as a representative of most global coastal centres -
acknowledging that it was restricted to urban centres associated with English-speaking countries. The locations did not include
coastal mega-centres around India, China or South East Asia, in part due to challenges with predictor data availability. Second, the
effort required for detailed GIS mapping and collation of predictor data was substantial, requiring up to 2 weeks of full-time effort
per location. We strived to use our available resources in a way that maximised the number of global locations we were able to
examine. Our resulting dataset of coastal hardening (categorised into infrastructure types) in 30 global locations is, as far as we know,
the first of its kind and calibre.

Mitchell Chandler and Lisa Floerl obtained New Zealand and global coastal GIS maps and (for New Zealand) bathymetric maps. The
entire coastline associated with each urbanised harbour/estuary was then examined, to the level of individual jetties and pontoon
berths (i.e at a scale of 1-10 metres). This was the highest resolution practicable (given some harbours have coastlines of >400km)
and resulted in a unique, high-quality and accurate dataset. Oliver Floerl, Mitchell Chandler and Rob Major collected the predictor
data for all mapped locations using literature and internet searches (maritime industry, national/regional regulatory authorities and
statistical departments, personal communication with marina and port operators, economic consultancies and other sources). The
data were checked for possible outliers or reporting errors and then developed into a predictor dataframe. Oliver Floerl collected
information on the number of non-indigenous species established around the urban centres associated with our case-study region
(New Zealand), using information obtained from a national reporting database developed by the NZ Government (Ministry for
Primary Industries) and latest environmental reporting from the Ministry for the Environment. Oliver Floerl also collected the input
data (predictor values) for the 25-year forecast, via publications and other resources obtained from government departments, port/
shipping/marina industries, economic consultancies and other agencies. The exact sources are listed in the Supplementary
Information.

GIS mapping started in 2017 and ended in 2019. Collation of predictor and forecast information commenced in 2017 and ended in
early 2020. Our data are from several global regions (Australasia, North America, United Kingdom) but for reasons described above
exclude coastal mega-centres around the Asian region. New Zealand was used as a case-study region to apply the model developed
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from global data, and generate 25-year forecasts of the proliferation of coastal infrastructure.
Data exclusions No data were excluded from the analyses.

Reproducibility Our study is fully reproducible. The collection of all predictor and response variable datasets is referenced (literature sources) and
available as dataframes or GIS shapefiles. All exploratory and statistical analyses and model-building were undertaken in R and
annotated scripts will be stored in a publicly available online repository.

Randomization This study did not include randomisation. The coastal urban centres selected for mapping and model development were selected
from a larger global pool of coastal centres based on two key criteria: (1) associated with sheltered coastal harbours and estuaries, or
protected by coastal islands. This was done to exclude extreme confounding influences arising from the presence of contrasting
location-specific factors (e.g. a small minority of coastal centres are established right on the coast but at an elevated position on top
of sea cliffs or similar, and those do not have the same need for coastal engineering and infrastructure as those at sea-level and
located in sheltered and more erosion-prone harbours (i.e., the majority)). (2) Availability of high-quality, reliable predictor variable
data. Several coastal centres in our initial 'potential target list' had to be omitted from mapping due to the unavailability of
information pertaining to critical predictor variables.

Blinding Blinding was not possible or highly relevant to our study, which was focused on the examination of spatial GIS maps and collation of
economic, social, demographic and industry-specific predictor information. However, mapping of the 30 global centres was
undertaken in a near-random fashion, so that there was no clear sequence of mapping based on geographic region or the physical
size of target locations.

Did the study involve field work? [ ] Yes X No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI D ChlP-seq
Eukaryotic cell lines IXI D Flow cytometry
Palaeontology and archaeology IXI D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

NXXXNXNXX s
OoOoooOoQ

Dual use research of concern

=
Q
—
C
=
(@)
=
(D
W
()
Q
=
(@)
o
=
1)
o
[}
=
2
Q
(2]
c
3
3
Q
=
S




	A global model to forecast coastal hardening and mitigate associated socioecological risks

	Results

	Predictors of coastal urban infrastructure. 
	Forecasting future coastal hardening with a New Zealand case study. 
	Coastal hardening and NIS risks. 

	Discussion

	Interpretation of forecasts. 
	Minimizing the impacts of continued marine urban sprawl. 
	Designing multifunctional coastal infrastructure
	Minimizing NIS populations on coastal infrastructure
	Development of improved monitoring tools

	Summary. 

	Methods

	Quantification of present extent of coastal infrastructure
	Choice of case study area
	Identification of candidate predictor variables
	Construction and validation of a global predictive model
	Forecasting future coastal hardening with a New Zealand case study
	Relationships between coastal hardening and NIS occurrence
	Reporting Summary

	Acknowledgements

	Fig. 1 Costal hardening extent determined for 30 global urban centres.
	Fig. 2 Present-day extent of coastal infrastructure associated with 30 international urban centres.
	Fig. 3 Coastal hardening forecast for New Zealand.
	Fig. 4 Relationship between present-day extent of coastal hardening in New Zealand case study locations and the numbers of NIS occurring around these locations.
	Table 1 Candidate predictor variables for coastal hardening and stages of analysis they were used in: exploratory analyses based on New Zealand case study data development of global predictive model and final model and forecasting.
	Table 2 Summary of growth predictions used to forecast the potential for regional increases in coastal infrastructure around New Zealand.




