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Global demand for marine sand is on the rise, expanding dredging impacts on biodiversity and often en-
croaching on marine protected areas. Systems approaches like the metacoupling framework help uncover
overlooked impacts and balance resource extraction with biodiversity conservation. This requires address-
ing knowledge gaps, enhancing accountability, and mainstreaming ecological restoration to reverse biodi-

versity loss.

Over the last century, global material
extraction has shifted from primar-
ily biomass-based resources to non-
metallic ones, especially sand and
gravel (hereafter referred to as “sand”
for brevity). These are the world’s most
extracted solid materials by mass, with
an annual extraction rate of 50 billion
tonnes'—a 5-fold increase since the
1970s.” Such a demand has placed
immense pressure on coastal and ma-
rine ecosystems, which are increasingly
strained in balancing the extraction and
protection of sand resources and asso-
ciated biodiversity.>*

Sand is fundamental to the structure
and function of coastal and marine
ecosystems. It supports biodiversity by
creating different habitats, such as sand-
banks, which in turn support biodiversity
at multiple scales, from cyanobacteria to
algae, fish, and rays; enhances resilience
against sea-level rise and storms; and
provides essential ecosystem services
that support livelihoods.® As a material,
it is also a key ingredient in climate
change adaptation and mitigation
strategies, including beach replenish-
ment and ex novo construction, shoreline
armoring, and nature-based solutions.
To that end, sand is extracted from
ecosystems by dredging vessels and
deposited in beaches and dunes or
used in construction and land reclama-
tion projects.

With over 700 million people already
living in coastal areas and projections
exceeding one bilion by 2050,° the
demand for marine sand is driving a
rapid expansion of dredging activities.
Since 2000, 78% of coastal cities with
more than one million inhabitants have
engaged in land reclamation, adding
253,000 haofland, 70% of whichisin areas
at highrisk of sea-level rise.® Paradoxically,
these dredging activities linked to coastal
development can disrupt the natural flow
of sediments, accelerating erosion and
undermining their resilience to withstand
climate change.” This further intensifies
the demand for sand.® Here, we provide
an overview of the scale and scope of
dredging operations across the world and
propose pathways for reducing the biodi-
versity impacts of sand extraction.

The expanding frontier of marine
dredging

The Marine Sand Watch, launched in
2022 by the United Nations (UN) Environ-
ment Programme and the Gilobal
Resource Information Database - Geneva
(GRID-Geneva), represents the first global
effort to monitor the extraction of marine
sand. The platform uses advanced algo-
rithms combined with the vessels’ auto-
matic identification systems (AISs) to
track large dredging vessels worldwide.
According to Marine Sand Watch esti-
mates, between 4 and 8 billion tonnes of

sand and other sediments were dredged
annually from 2012 to 2019.

While dredgers have long been oper-
ating in certain regions, the “dredging
frontier” is expanding to new areas and
intensifying in existing ones. Key global
hotspots include the North and Baltic
Seas, the US East Coast, the African
West Coast, the Persian Gulf, and East
Asia (Figure 1A). In the North Sea alone,
annual sand extraction rose from a few
hundred thousand to tens of millions of
cubic meters over the past 50 years.’
The Marine Sand Watch monitors about
60% of all dredging vessels equipped
with AISs, but a significant proportion of
activities remains untracked. Artisanal
and small-scale dredging along shallow
coastlines, or vessels intentionally turning
off their AIS signals, operate beyond the
platform’s reach. Small island nations,
where artisanal extraction is more preva-
lent than industrial dredging, remain a
significant blind spot. Southeast Asia
is also underrepresented despite well-
documented conflicts over marine sand
extraction that prompted intermittent
export bans in countries like Indonesia,
Malaysia, and Cambodia.'®

The expansion and scale of dredging
activities represent a growing challenge
for biodiversity conservation. Monitored
wildlife marine populations have shrunk
by 56% from 1970 to 2020."" Mining and
dredging are important local stressors
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Figure 1. Dredging hotspots and level of overlap with MPAs
(A) Million tonnes of sand and other sediment dredged from 2012 to 2019 per 200 nautical mile zone, as estimated by the Marine Sand Watch.
(B) Percentages of operators dredging in MPAs and dredging time within MPAs by UN region.
The map was created using MapX (https://unepgrid.ch/en/mapx), an online platform developed by UNEP/GRID-Geneva for managing geospatial data on natural
resources. International and administrative boundaries are from the UN map geodatabase (scale: 1:1 million, version: 2020).

that, alongside other global pressures,
contribute to the loss and degradation of
marine life, including sensitive habitats
with acute declines such as mangroves,
seagrass beds, coral reefs, maerl beds,
and species such as sharks and rays.
Alarmingly, dredging activities substan-
tially overlap with areas of high conserva-
tion value. Between 2012 and 2022,
almost half of the globally active opera-
tors (47%) dredged each year in marine
protected areas (MPAs), accounting
on average for 14.2% of total annual
dredging time (Figure 1B). Western coun-
tries, with higher MPA coverage, show the
greatest overlap, with nearly 25% of
dredging occurring within these areas
and 70% of operators engaging in
dredging within MPAs. Efforts to expand
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the coverage of MPAs are underway
with the “30x30” initiative of the Kunm-
ing-Montreal Global Biodiversity Frame-
work (GBF), which aims to protect at least
30% of the world’s oceans by 2030. The
overlap between dredging and conserva-
tion areas underscores the need for
effective management and enforcement
to prevent MPAs from becoming the
dredging areas of the future.

Complex impacts on biodiversity

Despite being among the most wide-
spread human activities in coastal areas
and shallow seas—second only to fish-
ing—sand extraction and its impacts
on biodiversity are often overlooked or
underestimated.® The Sustainable Devel-
opment Goal 14 (“Life Below Water”) fo-
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cuses mainly on fishing, aquaculture,
and tourism, with no mention of dredging
or sand mining. Likewise, while the GBF
is more ambitious in scope, it lacks spe-
cific targets, actions, and outcomes
regarding the reporting and monitoring
of sand extraction.’””> However, mo-
mentum is rising, with recent resolutions
from the UN Environmental Assembly
and recommendations from the Interna-
tional Union for Conservation of Nature
(IJUCN) World Conservation Congress
that highlighted the urgency of address-
ing the multifaceted environmental im-
pacts of extracting sand from coastal
and marine ecosystems (Figure 2).
Beyond direct mortality and habitat
disturbance from dredging, the extraction
of sand also causes indirect impacts,
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Figure 2. Mechanisms and biodiversity responses to marine sand extraction
Overview of dredging impact mechanisms (bottom), biodiversity responses (middle, as reviewed in Jouffray et al.,” Todd et al.,'® and GESAMP'%), and a set of
essential variables for monitoring biodiversity changes (top). The figure highlights the complexity and interconnectivity of possible impact pathways (arrows),
though it is not intended to be exhaustive. Created in BioRender https://BioRender.com/b701063.

such as water turbidity and sediment
smothering of seagrasses and corals,
which can lead to synergistic effects. For
example, during a 2016 bleaching event
in the Maldives, coral mortality due to
heat stress was nearly six times higher
in dredged areas than in undisturbed
sites.’® Sand extraction can also have
systemic impacts on the integrity and
connectivity of ecosystems. A striking
example is atoll islands, which are often
seen as doomed to disappear due to
rising sea levels. While these dynamic
landforms can adjust through vertical ac-
cretion, a process reliant on sediment
supply, sand extraction and dredging
alter sediment fluxes, exacerbating the
risk of erosion and hindering the island’s
natural ability to maintain elevation.'®
Distant regions may also be impacted by
reduced ecological connectivity around
dredged areas, as increased turbidity

and disturbances can affect the dispersal
and migration of species from mussels to
marine mammals.'®

Integrated frameworks are needed to
help uncover overlooked or underesti-
mated direct and indirect impacts of
extraction on biodiversity within, near,
and far from extraction sites. The frame-
work of metacoupling (human-nature in-
teractions within as well as between
adjacent and distant systems)'” offers a
useful approach to disentangle these
complex interactions across sand-supply
networks® (Figure 3). It links sending sys-
tems (extraction sites) and receiving sys-
tems (consumption sites) while identifying
spillover systems (e.g., transit routes)
affected by the flows between them. For
instance, beach replenishment typically
involves extracting sand from “borrow”
areas to mitigate erosion in receiving sys-
tems. However, this often disregards the

Sediment
smothering

Release of Noise and traffic

nutrients/toxins

biodiversity and ecosystem services lost
at extraction sites, even when they
overlap with threatened habitats or spe-
cies. Spillover effects, such as sediment
plumes along transit routes and changed
wave regimes further compound these
impacts (Figure 3). Moreover, regular
beach replenishment leads to the
compaction of beaches and the burial of
beach fauna and flora.

Pathways for reducing and

reversing biodiversity impacts

The proposed metacoupling framework
for examining biodiversity impacts
(Figure 3) also offers insights into ad-
dressing challenges and identifying
pathways for better balancing societal
material demand with biodiversity conser-
vation amid growing human pressures
on coastal and marine ecosystems. It
outlines opportunities to minimize and
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Figure 3. Application of the metacoupling framework to illustrate the impacts of marine sand
extraction on biodiversity across space

Schematic representation of the impacts of marine sand extraction on biodiversity, organized around
three types of coupled human-natural systems interconnected by the flow of sand resources: sending
systems (extraction sites), receiving systems (consumption sites such as beach replenishment, land
reclamation, wharves, or construction), and spillover systems (areas affected by the extraction site or by
the transport of sand from sending to receiving systems). Spillover systems can be near or far from the
sending and/or receiving systems, such as adjacent areas to the extraction site or distant ones affected by
the long-distance propagation of impacts like reduced ecological connectivity. Other human pressures
leading to cumulative effects on impact locations include, for example, fishing and energy sectors. In-
formation flows from receiving and spillover systems may improve efforts to avoid, mitigate, and reverse
impacts on damaged sites and offset impacts on new systems. Created in BioRender https://BioRender.

com/e30h590.

reverse biodiversity impacts across
sending, receiving, and spillover systems,
from reducing sand demand and
exploring alternatives'® to managing ma-
rine sand resources and habitats more
responsibly. Key challenges include (1)
scarce knowledge on the extent and con-
dition of sand deposits and marine habi-
tats, (2) inadequate transparency and
accountability in extraction practices,
and (3) low engagement in ecological
restoration. On the one hand, these
challenges hinder the full operationaliza-
tion of the metacoupling framework. For
example, a lack of transparency and
insufficient data prevent the framework’s
quantification and are contributing factors
that mask the impacts of sand extraction
on biodiversity. On the other hand, the
framework can help address these chal-
lenges by identifying data and knowledge
gaps, demonstrating the need for trans-
parency and accountability and revealing
priority areas for ecological restoration.
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Below, we provide concrete recommen-
dations for addressing these challenges
and reducing biodiversity impacts from
marine sand extraction and subsequent
activities.

Advancing seabed mapping and
assessment for effective
management

Reducing the impact of sand extraction
starts with identifying the most suitable
sending systems—where the quality and
quantity of sand are most favorable, and
environmental impacts are minimal. How-
ever, such knowledge of sand deposits
remains sparse over vast areas.'’ The
same holds true for the extent and condi-
tion of marine habitats. For example, the
condition of 70% of marine habitats under
the European Union (EU) Habitats Direc-
tive is unknown, according to the latest re-
porting period (2013-2018). Assessing
the impact of sand extraction is compli-
cated because of cumulative impacts
through time and space, including the
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combination with other activities, such
as fishing, aquaculture, wind farms, ca-
bles, navigational dredging and disposal,
and traffic.’® Proactively identifying and
safeguarding valuable habitats is there-
fore ever more important, yet the knowl-
edge and data scarcity hamper accurate
evaluations of ecological damage and
sustainable resource use. Strategic map-
ping of marine sand resources and
habitats is critical for (1) securing a long-
term, sustainable sand supply; (2) identi-
fying “no-go” or “low-intensity” zones
to safeguard sensitive and valuable habi-
tats for both nature and people, which
aligns with the 30x30 initiative; and (3)
improving mitigation and restoration stra-
tegies to reverse habitat degradation.'”

Assessing and managing habitat
extent and condition is best achieved by
combining metacoupled human and
natural systems approaches, including
spatially explicit biophysical methods,
which clarify cause-effect relationships
and inform intervention.”® While impact
monitoring should focus on project-level
scales and their areas of influence near
and far, broader seabed mapping is
needed to identify vulnerable ecosystems
under current and future warming sce-
narios. These efforts must be paired with
transparent reporting, actionable strate-
gies, and measurable targets to prevent
and mitigate impacts within and beyond
extraction sites.

States are the largest users and clients
for marine sand and dredging works. Ex-
panding the scope and resolution of
dredging monitoring efforts is crucial for
assessing the extent of ecological im-
pacts and ensuring greater transparency
and accountability in extractive initia-
tives.®> Governments should leverage
improved data and knowledge to promote
effective marine spatial planning and sus-
tainably manage their sand resources.
However, few countries have assessed
their critical sand needs for coastal resil-
ience and development. To safeguard
thriving coastal ecosystems for genera-
tions ahead, coastal countries should
evaluate their sand resources so that their
plans are environmentally sound and
minimize the impact of potential sand
extraction, even in case of a managed
retreat from the shoreline. Multilateral
collaboration, capacity building, and
knowledge sharing are key to ensure
that all countries can undertake these
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assessments and adopt sustainable man-
agement of sand resources. A pressing
need remains for open debate, rationali-
zation, and weighing of needs against im-
pacts to inform balanced decisions.
Improving corporate transparency
and accountability

Beyond governments, businesses and
financial institutions related to sand
extraction, transport, and consumption
can play a key role in halting or reversing
the environmental impacts of their activ-
ities and leverage their resources and
expertise to be a driving force for sustain-
able practices within, near, and far from
the extraction sites. In the dredging
sector, transparency efforts should focus
on systematically reporting the volume
of sand extracted, transported, or
consumed, alongside information on op-
erators, activities, and locations. This
aligns with Target 15 of the GBF, which
emphasizes the need for enhanced
corporate biodiversity reporting. Like-
wise, financial institutions must recognize
and assess their exposure to environ-
mental risks associated with sand extrac-
tion, such as large-scale land reclamation
projects. Including these impacts within
the scope of multilateral and private-
finance environmental safeguard policies
would influence tens of billions of dollars’
worth of project financing annually.'?
Such measures could ultimately incen-
tivize more sustainable practices and
improve the governance of marine sand
resources.

Severe knowledge gaps also persist
regarding the biodiversity and carbon
footprint of marine sand mining, trans-
portation, and consumption. Public re-
porting of monitoring data collected
before, during, and after dredging could
strengthen the evidence base, assess
the effectiveness of mitigation and resto-
ration efforts, and identify scalable solu-
tions.'> Notably, the dredging industry
has yet to fully account for its broader
carbon emissions (e.g., beyond vessel
fuel use), which in turn accelerate climate
change and biodiversity loss not only in
marine ecosystems but also in terrestrial
ecosystems. Addressing uncertainties
regarding the magnitude of dredging-
induced CO, emissions from seabed
disturbance and damage to ecosystems
that act as carbon sinks represents an
important research frontier for improving
life cycle assessments and understand-

ing the full environmental cost of sand
extraction.

Boosting ecological restoration

While restoration requirements are central
to land-based mining, the ecological
restoration of dredged areas at sea is
rarely addressed, let alone that of spill-
over systems. Few guidelines mention
concepts like restoration and offsetting
in the marine environment. Instead, the
focus remains on reducing pressures
and letting the habitats recover naturally,
with minimal follow-up (passive restora-
tion). This contrasts a strong consensus
that restoration efforts are as important
for marine ecosystems as for terrestrial
ones,” supported by a backdrop of stra-
tegic policies that promote increased
engagement in ecological restoration
such as the EU Regulation on Nature
Restoration (2024/1991), which set bind-
ing targets for EU Member States to
restore 30% of degraded habitats by
2030 and 90% by 2050 through national
restoration plans.

Under business-as-usual operations,
biodiversity losses remain inadequately
addressed, contributing to the continued
decline of marine habitats and their
services to people. New or expanding
marine sand extraction operations should
implement the mitigation hierarchy and
allocate sufficient funds for restoration
and monitoring.” We encourage a proac-
tive approach to ecosystem recovery,
moving beyond simply minimizing im-
pacts. Active restoration can catalyze nat-
ural recovery processes by improving
habitat suitability through actions such
as assisting the establishment of founda-
tional species, using state-of-the-art
planting techniques, or mimicking natural
bedforms to enhance habitat heterogene-
ity.?"?? If passive restoration is deemed
more suitable, it should be pursued within
the scope of an ecological restoration
project and follow restoration standards
with measurable targets and long-term
monitoring.

Restoration initiatives should be sup-
ported by robust data collection and
applied research to understand the time
and conditions needed to restore biodi-
versity and carbon stocks equivalent to
natural ecosystems. On a larger scale, na-
tional restoration plans should consider
areas degraded by sand dredging, trans-
port, and consumption, aligning with and
elevating the goals of the UN Decade
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2021-2030 to reverse degradation and
promote sustainable recovery. Impor-
tantly, restoration must be coupled with
effective protection to be truly successful
and avoid further degradation during or
after the recovery process.

Conclusion

The growing demand for sand threatens
biodiversity, ecosystem services, and
coastal resilience. Without long-term
planning of construction material supply
chains, integrated marine spatial planning,
effective governance, and transparent
monitoring, the potential of MPAs to halt
and reverse the sector’s impacts on biodi-
versity remains limited. The metacoupling
framework offers an integrated approach
to marine sand research and management.
It is needed to uncover overlooked and
underestimated impacts while balancing
extractive industries and infrastructure
development with biodiversity conserva-
tion within and beyond extraction sites.
This requires mapping sand resources
and habitats, avoiding extraction in the
most sensitive areas, improving transpar-
ency and accountability of dredging initia-
tives, and adopting solid restoration ap-
proaches across sending, receiving, and
spillover systems. Closing these gaps can
align the dredging sector with global biodi-
versity goals, ensuring a more resilient and
sustainable future.

ACKNOWLEDGMENTS

The financial support from the National Science
Foundation (award numbers 2033507 and
2118329) and Michigan AgBioResearch is grate-
fully acknowledged. A.T. was funded by the Gener-
alitat Valenciana (CIDEIG/2022/44). J.-B.J. was
supported by the Knut and Alice Wallenberg Foun-
dation (2021.0343).

DECLARATION OF INTERESTS
The authors declare no competing interests.

REFERENCES

1. UNEP (2019). Sand and Sustainability: Finding
new solutions for environmental governance of
global sand resources. GRID-Geneva (Geneva.
Switzerland: United Nations Environmental
Programme). https://unepgrid.ch/storage/app/
media/documents/Sand_and_sustainability_
UNEP_2019.pdf.

2. United Nations Environment Programme,
I.LR.P. (2024). Global Resources Outlook
2024 - Bend the trend: Pathways to a
Liveable Planet as Resource Use Spikes.
United Nations Environment Programme.
https://www.resourcepanel.org/reports/global-
resources-outlook-2024.

One Earth 8, February 21, 2025 5



https://unepgrid.ch/storage/app/media/documents/Sand_and_sustainability_UNEP_2019.pdf
https://unepgrid.ch/storage/app/media/documents/Sand_and_sustainability_UNEP_2019.pdf
https://unepgrid.ch/storage/app/media/documents/Sand_and_sustainability_UNEP_2019.pdf
https://www.resourcepanel.org/reports/global-resources-outlook-2024
https://www.resourcepanel.org/reports/global-resources-outlook-2024

¢? CellPress

6

. Jouffray, J.-B., Barbour, F.P., Blasiak, R.,

Feine, J., Gallagher, L., Johansson, D.,
Kuiper, J.J., Pereira, K., Rawat, A., Schmitt,
R.J.P., et al. (2023). Ocean sand: Putting
sand on the ocean sustainability agenda.
Report of the Ocean Risk and Resilience
Action Alliance (ORRAA). https://oceanrisk.
earth/wp-content/uploads/2023/05/0RRAA _
Ocean_Sand_report.pdf.

. Torres, A., Brandt, J., Lear, K., and Liu, J.

(2017). A looming tragedy of the sand com-
mons. Science 357, 970-971. https://doi.org/
10.1126/science.aao0503.

. IPBES (2018). The IPBES assessment report

on land degradation and restoration, L.
Montanarella, R. Scholes, and A. Brainich,
eds. Secretariat of the Intergovernmental
Science-Policy Platform on Biodiversity and
Ecosystem Services. https://doi.org/10.5281/
zenodo.3237392.

. Sengupta, D., Choi, Y.R., Tian, B., Brown, S.,

Meadows, M., Hackney, C.R., Banerjee, A.,
Li, Y., Chen, R., and Zhou, Y. (2023).
Mapping 21st Century Global Coastal
Land Reclamation. Earth’s Future 1717,
e€2022EF002927. https://doi.org/10.1029/20
22EF002927.

. UNEP (2022). Sand and sustainability: 10 stra-

tegic recommendations to avert a crisis.
United Nations Environment Programme.

. Torres, A., Simoni, M.U., Keiding, J.K., Miiller,

D.B., zu Ermgassen, S.0O., Liu, J., Jaeger, J.A.,
Winter, M., and Lambin, E.F. (2021).
Sustainability of the global sand system in
the Anthropocene. One Earth 4, 639-650.
https://doi.org/10.1016/j.oneear.2021.04.011.

. ICES (2019). Working group on the effects of

extraction of marine sediments on the marine
ecosystem (WGEXT; outputs from 2022
meeting). In ICES Scientific Reports, 6, p. 20.
https://doi.org/10.17895/ices.pub.25523680.

One Earth 8, February 21, 2025

10.

11.

12.

13.

14.

15.

16.

17.

Yuen, KW., Das, D., Tran, D.D., and Park, E.
(2024). Southeast Asia’s dynamic sand trade
and the need for better data. The Extractive
Industries and Society 18, 101452. https://
doi.org/10.1016/j.exis.2024.101452.

WWEF (2024). Living Planet Report 2024 - A
System in Peril. WWF.

Torres, A., zu Ermgassen, S.0.S.E., Navarro,
L.M., Ferri-Yanez, F., Teixeira, F.Z., Wittkopp,
C., Rosa, I.M.D., and Liu, J. (2024). Mining
threats in high-level biodiversity conservation
policies. Conserv. Biol. 38, e14261. https://
doi.org/10.1111/cobi.14261.

Todd, V.L.G., Todd, |.B., Gardiner, J.C.,
Morrin, E.C.N., MacPherson, N.A., DiMarzio,
N.A., and Thomsen, F. (2015). A review of im-
pacts of marine dredging activities on marine
mammals. ICES J. Mar. Sci. 72, 328-340.
https://doi.org/10.1093/icesjms/fsu187.

GESAMP (2019). CG 5: Sand and Gravel Mining
in the Marine Environment — New Insights on a
Growing Environmental Problem. In Joint
Group of Expert on the Scientific Aspects of
Marine Environmental Protection, pp. 1-37.

Pancrazi, |., Ahmed, H., Cerrano, C., and
Montefalcone, M. (2020). Synergic effect of
global thermal anomalies and local dredging
activities on coral reefs of the Maldives. Mar.
Pollut. Bull. 7160, 111585. https://doi.org/10.
1016/j.marpolbul.2020.111585.

Steibl, S., Kench, P.S., Young, H.S.,
Wegmann, A.S., Holmes, N.D., Bunbury, N.,
Teavai-Murphy, T.H., Davies, N., Murphy, F.,
and Russell, J.C. (2024). Rethinking atoll fu-
tures: local resilience to global challenges.
Trends Ecol. Evol. 39, 258-266. https://doi.
org/10.1016/j.tree.2023.11.004.

Liu, J. (2023). Leveraging the metacoupling
framework for sustainability science and
global sustainable development. Natl. Sci.

18.

19.

20.

21.

22.

One Earth

Rev. 10, nwad090. https://doi.org/10.1093/
nsr/nwad090.

Pereira, K., Wabnitz, C.C.C., Schildt, L., Kuiper,
J.J., Schmitt, R.J.P., Barbour, F., and Jouffray,
J.P. (2025). Rethinking sand circularity through
sufficiency. One Earth 8, 101207. https://doi.
org/10.1016/j.oneear.2025.101207.

Crona, B., Wassénius, E., Lillepold, K.,
Watson, R.A., Selig, E.R., Hicks, C.,
Osterblom, H., Folke, C., Jouffray, J.-B., and
Blasiak, R. (2021). Sharing the seas: a review
and analysis of ocean sector interactions.
Environ. Res. Lett. 76, 063005. https://doi.
org/10.1088/1748-9326/ac02ed.

Wyns, L., Roche, M., Barette, F., Van Lancker,
V., Degrendele, K., Hostens, K., and De
Backer, A. (2021). Near-field changes in the
seabed and associated macrobenthic com-
munities due to marine aggregate extraction
on tidal sandbanks: A spatially explicit bio-
physical approach considering geological
context and extraction regimes. Continental
Shelf Research 229, 104546. https://doi.org/
10.1016/j.csr.2021.104546.

Orth, R.J., Lefcheck, J.S., McGlathery, K.S.,
Aoki, L., Luckenbach, M.W., Moore, KA.,
Oreska, M.P.J., Snyder, R., Wilcox, D.J., and
Lusk, B. (2020). Restoration of seagrass
habitat leads to rapid recovery of coastal
ecosystem services. Sci. Adv. 6, eabc6434.
https://doi.org/10.1126/sciadv.abc6434.

de Jong, M.F., Baptist, M.J., van Hal, R., de
Boois, I.J., Lindeboom, H.J., and Hoekstra, P.
(2014). Impact on demersal fish of a large-scale
and deep sand extraction site with ecosystem-
based landscaped sandbars. Estuarine,
Coastal and Shelf Science 746, 83-94. https://
doi.org/10.1016/j.ecss.2014.05.029.


https://oceanrisk.earth/wp-content/uploads/2023/05/ORRAA_Ocean_Sand_report.pdf
https://oceanrisk.earth/wp-content/uploads/2023/05/ORRAA_Ocean_Sand_report.pdf
https://oceanrisk.earth/wp-content/uploads/2023/05/ORRAA_Ocean_Sand_report.pdf
https://doi.org/10.1126/science.aao0503
https://doi.org/10.1126/science.aao0503
https://doi.org/10.5281/zenodo.3237392
https://doi.org/10.5281/zenodo.3237392
https://doi.org/10.1029/20<?show [?tjl=20mm]&tjlpc;[?tjl]?>22EF002927
https://doi.org/10.1029/20<?show [?tjl=20mm]&tjlpc;[?tjl]?>22EF002927
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref6
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref6
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref6
https://doi.org/10.1016/j.oneear.2021.04.011
https://doi.org/10.17895/ices.pub.25523680
https://doi.org/10.1016/j.exis.2024.101452
https://doi.org/10.1016/j.exis.2024.101452
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref10
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref10
https://doi.org/10.1111/cobi.14261
https://doi.org/10.1111/cobi.14261
https://doi.org/10.1093/icesjms/fsu187
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref13
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref13
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref13
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref13
http://refhub.elsevier.com/S2590-3322(25)00028-4/sref13
https://doi.org/10.1016/j.marpolbul.2020.111585
https://doi.org/10.1016/j.marpolbul.2020.111585
https://doi.org/10.1016/j.tree.2023.11.004
https://doi.org/10.1016/j.tree.2023.11.004
https://doi.org/10.1093/nsr/nwad090
https://doi.org/10.1093/nsr/nwad090
https://doi.org/10.1016/j.oneear.2025.101207
https://doi.org/10.1016/j.oneear.2025.101207
https://doi.org/10.1088/1748-9326/ac02ed
https://doi.org/10.1088/1748-9326/ac02ed
https://doi.org/10.1016/j.csr.2021.104546
https://doi.org/10.1016/j.csr.2021.104546
https://doi.org/10.1126/sciadv.abc6434
https://doi.org/10.1016/j.ecss.2014.05.029
https://doi.org/10.1016/j.ecss.2014.05.029

	Reducing sand mining’s growing toll on marine biodiversity
	The expanding frontier of marine dredging
	Complex impacts on biodiversity
	Pathways for reducing and reversing biodiversity impacts
	Advancing seabed mapping and assessment for effective management
	Improving corporate transparency and accountability
	Boosting ecological restoration

	Conclusion
	Acknowledgments
	Declaration of interests
	References


