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Introduction

Seaports host a high density and value of infrastructure and industry, covering an
area of around 5.4 million km? globally [1]. Due to climate change, and in particular
rising sea levels, physical damages and operational downtime may increase consid-
erably [1,2]. Much of the infrastructure built over the last decades did not consider
climate change in its original design [2], requiring adaptation to maintain functionality.
Over the years, port administrators have recognized the climate challenges ahead
[3,4] and moved it up on the sustainability agenda [5]. However, adaptation at the
global scale will require huge materials footprints, could make existing port assets
become obsolete, and may cause further harmful interference in the natural envi-
ronment. Despite the growing attention of the need to adapt ports, we argue that the
sustainability trade-offs of port adaptation at scale should be explored accordingly, as
this may result in environmental limits to adaptation. In this opinion piece, we syn-
thesize the existing evidence on the sustainability trade-offs associated with climate
adaptation, and propose three key avenues for future research.

Evidence of adaptation planning

Broadly speaking, there are three types of strategies for adapting ports to sea level
rise and changing weather extremes; accommodate, defend and retreat.

Accommodating port facilities entails adapting port infrastructure to new design
levels. Elevating port terminals is the most widely considered adaptation option and
implies artificially raising the port terminals, or part of them. For instance, one study
estimated that elevating United States ports by two meters would require 60 — 80
USD billion [6], while elevating 53 large ports in the Asia-Pacific with 1.6 and 2.3
meter would need 30 — 50 USD billion [7]. Other accommodating options include
increased dredging, upgrading drainage works, elevating access roads, nature-based
solutions, and improved tie-down systems for cranes.

Defending a port entails the construction of coastal or riverine protection infra-
structure, such as breakwaters, storm barriers, embankments, flood walls or locks
[8]. A number of studies have evaluated the need to retrofit breakwater structures or
build new protective infrastructure, such as Esteban et al. [9] for ports in the Tokyo

PLOS Climate | https://doi.org/10.1371/journal.pcim.0000695 August 19, 2025 174



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pclm.0000695&domain=pdf&date_stamp=2025-08-19
https://doi.org/10.1371/journal.pclm.0000695
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5277-4353
https://orcid.org/0000-0001-9224-7913
mailto:j.verschuur@tudelft.nl

PLON. Climate

Bay and Sierra [10] for 47 ports in Spain. In the latter case, breakwaters could not be
upgraded at a reasonable cost, emphasizing (financial) limits to adaptation.

Retreat strategies encompass a complete relocation of existing port facilities, or
alternatively partial reallocation of port activity from one port or terminal to another.
Cases of planned retreat are not yet considered to the best of the authors’ knowl-
edge. Still, since retrofitting existing terminals could be too expensive, a gradual shift
towards inland terminals, other freight modes (e.g., rail, road), or, in case of limited
available land, seaward expansion of terminals to cope with climate change may be
considered. This is corroborated by earlier findings of Becker et al., where the major-
ity of surveyed ports (58%) responded that sea level rise of one meter or more would
cause problems for operations [2].

Sustainability trade-offs of port adaptation at scale

Adapting ports to climate change inevitably results in sustainability trade-offs, due to
both the environmental footprint of adaptation solutions and their negative impacts on
the local environment. Limited research has attempted to quantify the environmental
impacts of port adaptation or explored solutions to navigate these trade-offs, espe-
cially when considering the aggregate impacts of many ports undertaking adaptation
strategies simultaneously. Such activities will be resource- and cost-intensive, result-
ing in their own adaptation emissions footprint.

As a starting point, accommodating ports will require large amounts of material
resources, in particular concrete, aggregates, and sand. One estimate suggests that
the dredged material needed to elevate ports in the United States by two meters
would be around 700 million m?® [6]. Considering that United States ports cover less
than 10% of the global port area [1], the need for dredged material globally would
be around 7 billion m? to cope with sea level rise long-term. For context, this would
be equal to 35 times the amount of dredging that was needed for the expansion of
the Suez Canal in 2015 (~200 million tonnes). On top of that, changing water levels
and wave climate can alter the need for maintenance dredging of navigation chan-
nels. On the one hand, higher water levels may reduce the need for maintenance
dredging, though the rate of sea level rise is unlikely to outpace the need for regular
maintenance dredging. On the other hand, deeper water depths can elevate wave
heights and tides, which alongside changes in the wave direction, can increase the
rate of sedimentation. Dredging operations have known environmental impacts, i.e.,
emitting greenhouse gasses (both CO, and methane), disturbing marine ecosystems,
and causing harmful contamination of the environment [11]. One study has called for
a better quantification of the ecosystem-based carbon footprint of port projects [12].
This would entail quantifying the impacts on the carbon storage and sequestration
functioning of blue carbon ecosystems, either directly imposed by the engineering
project or indirectly by altering hydrological or sedimentation dynamics.

In a similar fashion, defensive strategies require vast amounts of materials. Becker
et al. estimated that to adapt 221 seaports to two meters of sea level rise, 148 million
m? of concrete, 125 million m?® of stone and 110 million m® of sand would be required
[8]. This study stressed the potential challenge in mobilizing such vast amounts of
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materials. While globally, the materials needs of port adaptation may seem small compared to the total material produc-
tion (mainly for construction), locally it can create competition for resources, in particular sand, silt and stone. Moreover,
resource production will have an indirect effect on carbon emissions and other environmental impacts (e.g., water foot-
print). Understanding these wider environmental impacts, and designing alternative adaptation strategies to minimize the
environmental impacts is therefore imperative.

Evidence suggests that financial or technical constraints exist with respect to port adaptation [2]. The retreat of port ter-
minals can result in terminals becoming obsolete as a result of climate change, or being replaced with new terminal expan-
sion projects. The retreat of port terminals can have significant environmental implications. First, such brownfield sites often
have limited potential for re-use given their highly polluting environment, alongside environmental impacts associated with
razing and disposing of existing infrastructure. However, brownfield sites can also be seen as opportunities for redevelop-
ment of new industrial activities. For instance, in the United Kingdom, a former oil and gas fabrication yard was redeveloped
into an offshore wind manufacturing facility [13]. Second, port retreat may also initiate further port expansion to compensate
for lost port areas. Port expansion is already the dominant driver of coastal land reclamations globally [14], with the top-100
container ports alone adding almost 1000 km? of new port areas between 1990 and 2020 through coastal land reclamations
[15]. Land reclamations have large environmental footprints in terms of materials and associated environmental impacts,
and hence widespread port terminal retreat may impose large stress on local ecosystems.

The way forward

Seaports globally will face pressing challenges to adapt to a changing climate. Despite this widespread recognition, we
argue that the sustainability implications of adaptation at scale are still unexplored, which may pose additional adaptation
constraints. Here, we propose three main research avenues that intend to improve our understanding of the large-scale
environmental impacts of port adaptation.

First, there is limited understanding of the global or regional adaptation needs, both in terms of investments and mate-
rials, and how this may differ geographically and under different climate scenarios. These need assessments serve as
a starting point for quantifying the environmental footprints of port adaptation, and identifying the potential challenges of
mobilizing these environmental resources.

Second, as highlighted in this paper, activities to protect, accommodate, or retreat ports will result in greater disturbances
affecting the coastal zone, and associated resource demands and emissions footprints. This increased activity will, in turn,
have global implications for climate change. As such, better insights in the environmental trade-offs of adaptation can help
spark innovative ideas to cope with climate change while minimizing, or even benefiting, the environment. For instance, to
widen the Houston Ship Channel, as part of the Galveston Bay flood protection plan, dredged materials are used to create
artificial barrier islands with restored wetlands. These solutions show that port developments to protect against climate
change can also be a window of opportunity to embed nature in design, which can have benefits both locally and globally.

Third, as sustainability becomes increasingly important for ports globally, both to decarbonize and to reduce environ-
mental impacts, port adaptation will inevitably create frictions in sustainability governance. As a result, aside from tech-
nical and financial limits to adaptation, there may also be environmental limits to adaptation in geographies with strict
environmental regulations. It may prove more efficient to consolidate port activities or even shut down some ports entirely,
as opposed to investing to adapt every one of the world’s 3,800 ports. Insights are needed into how port adaptation should
be governed and enacted from a broader sustainability perspective to ensure local and national governments can achieve
their sustainability and adaptation ambitions.
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