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SUMMARY

Marine biodiversity is rapidly declining, necessitating global political and financial solutions to prioritize
habitat restoration in a “blue revolution.” However, marine and coastal restoration faces major technical,
logistical, and resource challenges that are exacerbated by climate change, which must be urgently ad-
dressed. Unlike terrestrial restoration, marine efforts lack a long history or well-established methods, result-
ing in potentially high failure rates and a pressing need for innovation. As scientists and practitioners, we
argue that scaling marine and coastal restoration requires policy reform, scientific advancement, and
more adaptive regulatory frameworks. Current approaches are constrained by unrealistic ecological base-
lines and outdated assumptions about environmental stability. Licensing must move beyond recreating
past habitats and instead support resilient ecosystems, ecological connectivity, and future colonization
pathways. We need to rethink restoration for a changing world, guided by flexible systems that embrace un-
certainty, integrate new technologies, and prioritize long-term coastal resilience over short-term fixes.

INTRODUCTION are facing critical tipping points,” and the seas are increasingly

becoming devoid of top predators.® Ecosystems are changing
All available measures of the state of the ocean and coasts indi-  or disappearing. Globally, we have lost at least 20% of seagrass
cate a crisis. Marine biodiversity is in steep decline.” Coral reefs meadows,* over 35% of mangrove forests,® and up to 50% of
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saltmarshes.® Halting the widespread degradation while
restoring marine and coastal life is essential for sustaining human
life and planetary health.”

We are now 4 years into the United Nations (UN) Decade of
Ecosystem Restoration and are beginning to see a movement
for change that (cl)aims to prioritize marine restoration.® The
Kunming-Montreal Global Biodiversity Framework (GBF) has
set an ambitious target: to restore 30% of all degraded ecosys-
tems, including coastal and marine ecosystems such as
mangrove forests, coral and shellfish reefs, and seagrass
meadows, by 2030.° The European Union (EU) has enacted le-
gally binding targets to restore degraded habitats under nature
restoration regulation.’® On the global stage, ambitious coral
reef, seagrass, saltmarsh, and mangrove breakthrough funds
are being launched, potentially raising billions for restoration
and regeneration practices.'’ Does this signal that marine and
coastal restoration has finally reached a pivotal turning point?

The timing is auspicious for the large-scale restoration of ma-
rine and coastal life.”'*' Like terrestrial systems, marine and
coastal restoration interventions such as seagrass and
mangrove planting have been found to be effective over large
spatial expanses (1,000s-100,000s ha). They persist for de-
cades, rapidly expand in size, can be cost-effective, and
generate significant social and economic benefits.'* There is
also a rapidly increasing interest from the corporate sector to
fund marine projects that support environmental credits, driving
potential future investments into restoration.'®

However, despite the promising outlook, marine and coastal
restoration is challenging. There is a high demand for innovative
tools and methods, but knowledge lags behind terrestrial sys-
tems due to the relatively young age of the discipline.'® It also re-
quires a tolerance of greater risk and failures during pioneering
and/or development phases as we gather data to inform and in-
crease the efficacy of future efforts. Furthermore, restoration ef-
forts are hindered by numerous technical, logistical, and
resource challenges that urgently require resolution before
global restoration commitments can be achieved at the neces-
sary rate and scale. These can include prohibitive costs, com-
plex governance, socio-cultural conflicts, political pushback
and/or unwillingness to act, methodological challenges, and sig-
nificant scientific knowledge gaps, which create bottlenecks to
advancing marine and coastal restoration.

We, as a group of 25 scientists and practitioners working on
marine restoration across six ecosystems in 18 countries, argue
for an urgent and major cultural shift in how restoration of the
world’s oceans is both approached scientifically and regulated
governmentally. This shift is essential to ensure that marine
restoration activities pursue long-term sustainability while
engaging and benefiting people.'” Marine and coastal restora-
tion is in its infancy and therefore lends itself to an exploratory
research approach, while also providing an opportunity for
robust scientific advancements using novel approaches and
techniques.

Recent technological advances have introduced new tools
and methods for monitoring and understanding marine and
coastal ecosystems but have also brought about unique legal,
institutional, and regulatory challenges that necessitate cooper-
ation across local, national, and international scales.®'? Legis-

2 Cell Reports Sustainability 2, 100526, November 21, 2025

Cell Reports Sustainability

lation and regulations intended to protect the environment can
inadvertently hinder restoration efforts through extensive delays,
disproportionate costs, and bureaucratic barriers—sometimes
leading to suboptimal outcomes or project abandonment (see
Figure 1). Therefore, we discuss how (and why) such legislation
and regulations can lead to unintended consequences for resto-
ration, using a series of international case studies (Boxes 1, 2,
and 3). We outline how regulatory and licensing solutions that
facilitate restoration and habitat creation can support a smoother
and more scientifically robust workflow, from identifying the
need for restoration to implementing restoration activities,
thereby contributing to achieving national and international envi-
ronmental policy targets.

MARINE RESTORATION IS IN ITS INFANCY

The restoration of marine and coastal ecosystems is a relatively
young field that has mostly developed within the last 50 years.
While the first recorded evidence of kelp restoration dates
back to over 300 years ago,’® and the first oyster and seagrass
restoration projects began around 90 years ago,”” sustained in-
vestment into the science underpinning this work has only begun
to take shape in recent decades.’ Managed realignment pro-
jects, facilitating saltmarsh recovery, and mangrove planting
have the longest history of scaled-up activity.**>' Coral reef
restoration developed fairly rapidly with strong investment but
only reached an extensive level in the 1970s due to the advance-
ments in SCUBA."

However, with infancy comes responsibility and necessity —
we can and should be accountable for all restoration applica-
tions, learning from both failures and successes. This aligns
with the principles of responsible innovation and research.®?
“Failure” (i.e., the First Attempt In Learning [FAIL]) in marine
restoration projects and experiments is likely very high but often
goes unreported.®>** These failures are not necessarily due to
restoration being unviable but are caused by the low level of
development of the science. Many techniques utilized are still
novel and unproven but are developing rapidly, and innovation
remains critical to the field’s expansion.®®

Learning from failure must be implemented alongside consis-
tent and transparent monitoring, evaluation, and reporting sys-
tems that enable adaptive learning and knowledge exchange
(key information about species, methods, locations, and reports
describing project outcomes) across the restoration community.
A database dedicated to reporting marine restoration activities
does exist in Australia and New Zealand.*® Key organizations
and networks in the seagrass and mangrove restoration commu-
nities have now launched tools (SeagrassRestorer.org and
GlobalMangroveWatch.org), providing opportunities for practi-
tioners and the wider community to get involved; however, these
need wider uptake and involvement from the restoration
community.

Conducting successful restoration is not simple. It requires a
high level of scientific expertise, as well as innovative and adapt-
able projects that address the inherent uncertainties of current
methodologies and the challenges imposed by a changing
climate. Unlike the management of terrestrial fauna through
plantings of flora, which have been ingrained in human culture
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Figure 1. The consequences of increasing bottlenecks to marine and coastal restoration activity that are preventing the delivery of such

projects at scale

and history for millennia, marine and coastal restoration lacks
this extensive historical development.®” However, time is
running out for ocean and coastal ecosystems on planet earth,*®
and the cost of inaction is high.*° In the context of urgency, there
are also a series of arguments for the use of proactive (reduce the
chance of loss before it happens) rather than just reactive (after
the loss) restoration. As per all restoration programs, planting or
creating habitat is no substitute for management actions to pre-
vent loss in the first place.*°

LEARNING TO EMBRACE NOVELTY

The expectation that reliable marine and coastal restoration so-
lutions can be developed within the remaining 5 years of the UN
Decades on Ocean and Ecosystem Restoration is optimistic at
best. While there are many emerging examples of successful
marine and coastal restoration project outcomes,'* marine and
coastal restoration, especially in the presence of knowledge
gaps, takes time. Results need to be considered over extended
periods, sometimes decades. This is exacerbated by failures
that often relate to limited understanding of a particular process.
Achieving large-scale restoration to meet ambitious local and in-
ternational targets will require licensing and regulation that sup-
port and facilitate innovation and cooperation.

For restoration to be long-lasting, scientists need the flexi-
bility*' to test ecological restoration approaches, which include
bionovelty*® (see Table 1). Bionovelty includes assisted evolu-
tion, restorative aquaculture, assisted gene flow, the use of pro-
biotics, the use of non-native species (e.g., Pacific oysters),
manufactured habitats, methods, and translocations.*®> While

we recognize that these novel approaches have various ethical
considerations important to decision-making, exploring these is-
sues is beyond the scope of this paper.**

Species that are transported by human activity, intentionally or
unintentionally, into regions where they do not naturally occur
are referred to as “non-native,” “alien,” “invasive,” or “intro-
duced” species.*® The presence of invasive species often con-
strains marine and coastal restoration. Their movement may be
prohibited, and restoration projects may be restricted to prevent
further spread, thereby discouraging activity in areas already
dominated by them. Under rapid climate change, however, erad-
ication of widespread, dominant invaders is increasingly unreal-
istic. This does not imply abandoning control of new or localized
invasions, which remains essential,® nor overlooking the nega-
tive impacts invasives can have on native biota, for instance,
Sonneratia apetala outcompeting native flora in China*” or the
spread of Spartina alterniflora in tidal marshes.*®

While many invasive species fail to survive in new environ-
ments, some establish and outcompete native species or habi-
tats. In parts of the world, some invasive species have spread
well beyond the point of biological control and now form a major
component of local flora and fauna. This has led to the rise of
ecological novelty, or novel ecosystems, where species assem-
blages and functions lack historical precedent.”® Examples
include the creation of novel biogenic or foundation habitats by
species such as the American slipper limpet Crepidula forni-
cata,”® cordgrass Spartina spp., the Pacific oyster Magallana
gigas, and the Japanese wireweed Sargassum muticum.”"

Where invasives are firmly established and beyond control,
restoration efforts could benefit from harnessing their ecological
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Box 1. Restoration of seaweed in MPAs in Australia

Restoration of seaweed in Australia (Photo Credit: Tom Burd and Adriana Vergés)
line involve attaching reproductive seaweeds to temporary mats on the seafloor to promote natural establishmen
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Efforts to restore crayweed forests along Sydney’s coast-
t.2° However, permitting restric-

tions have limited deployments inside MPAs in Sydney, Australia, forcing most work over the past decade into unprotected areas where conditions
may be less advantageous for restoration. These restrictions forfeit potential ecological advantages of MPAs demonstrated around the world. In
many seaweed ecosystems, fishing bans can trigger trophic cascades, boost predators, reduce herbivores, and promote seaweed recovery.”’ Ma-
rine protection can also enhance kelp resilience to marine heatwaves” and deliver social benefits, including enhanced community stewardship and
cultural connection.”®** Indeed, global examples show that protection and seaweed restoration can be highly complementary. For example, sea
urchin removal in Mediterranean no-take zones has restored seaweed beds,?” while in Port Phillip Bay (Australia), combining urchin harvests with

kelp seeding inside MPAs is also driving effective recovery.”®

traits rather than treating them solely as obstacles. Instead, their
potential ecological roles may need reassessment, for example,
as facilitators of other species’ recovery or as providers of
habitat.” If invasive species possess traits that deliver desirable
ecosystem functions or services,> enhance resilience to envi-
ronmental change, or improve ecosystem stability (e.g., via
high water filtration rates), they may merit integration into resto-
ration strategies.®® Notably, restrictions on restoration often
contrast with historical and ongoing fisheries practices. For
example, oyster restoration is tightly regulated due to disease
and genetic concerns, yet fisheries have routinely transported
bivalves across Europe for centuries.”®> Meanwhile, Pacific oys-
ters, though globally invasive, can provide multiple ecosystem
services in their non-native ranges.*®

4 Cell Reports Sustainability 2, 100526, November 21, 2025

Coastal ecosystems are frequently altered beyond all recogni-
tion due to anthropogenic change, with the 1953 Netherlands
Delta Plan to build dikes and dams across Europe’s biggest delta
as such an example.®” The rapid expansion of megacities in SE
Asia is also resulting in coastal land use change,”® on top of
extensive and progressing shoreline alteration for aquaculture.®®
These locations are characterized by continual disturbance (e.g.,
maintenance dredging and shipping), which in turn results in
reduced connectivity and the complete elimination of entire
ecological groups. In such areas, there is often no or limited re-
covery capacity, and ecological restoration potential is
extremely limited by the availability of biological material. In
such cases, assisted gene flow or assisted colonization are
becoming increasingly essential and therefore urgently require
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Box 2. Seagrass restoration in England

Intertidal seagrass restoration activities in the Isle of Wight, England (Photo Credit: Anouska Mendzil) Seagrass restoration in England
faces major challenges due to inconsistent monitoring, management, and licensing. Most projects use a seed-based approach, often sourcing
from unsuitable provenances due to licensing authorities dictating donor meadows without considering environmental compatibility, undermining
restoration efforts. Bureaucratic systems further restrict access to suitable seed sources: critical regional meadows are heavily protected, while
other viable meadows remain unmapped and overlooked. NGOs and charities are also increasingly tasked with providing data for designated
site assessments (e.g., site of special scientific interest and MPAs) without financial support, despite gaps in evidence on meadow condition
and inconsistent survey timelines. Licensing delays compound the problem, often taking 6-12 months or longer, with multiple permits required
across multiple agencies, slowing delivery, increasing costs, and reducing project scale.

Protected species regulations create additional barriers. Under the Wildlife and Countryside Act (1981), seahorse habitat is protected, yet while
damaging activities continue in seagrass, restoration and scientific surveys face restrictive licensing. Definitions of meadow “health” used to

(continued on next page)
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regulate seed collection lack a scientific basis, hindering restoration by preventing collection from suitable donor sites. Restoration is largely led by
NGOs, charities, and research groups, funded by private and charitable donations, rather than the government. Rising licensing costs, band fees,
annual increases, and advisory charges make small-scale projects unfeasible while favoring large developers (who aren’t involved in seagrass
restoration or don’t have the appropriate capacity). Introducing zero-cost licensing bands or exemptions for non-profit, environmentally beneficial
projects would reduce financial barriers, allowing more funds to be directed toward habitat recovery without weakening environmental safeguards.

serious consideration by licensing authorities (both nationally
and internationally).

Climate change is rapidly influencing how we consider marine
restoration. Even if global temperatures were maintained within
the 1.5°C target of the Paris Climate Agreement, marine and
coastal ecosystems would face substantial risks.’® As global
temperatures rapidly increase, the ecology of the planet is unde-
niably shifting at an equally rapid rate.®" The success of “busi-
ness as usual” conservation, restoration, and legislative proced-
ures becomes increasingly unrealistic with each heating event.
This has resulted in calls from terrestrial restoration initiatives
in Australia to embed climate change in ecological restoration
law and practice.®® Therefore, established principles of ecolog-
ical restoration need to consider and ensure “future proofing”
is undertaken.®® Instead of simply recreating past ecosystems,
efforts should be made to facilitate resilient ecosystems for the
future.*’

To get ahead of climate change, we need to go beyond pres-
ervationist approaches by including strategies that enable, facil-
itate, and acknowledge ecological change.®* Restoration efforts
must be future-proofed against projected sea level rise, allowing
for flexibility and redesign of marine and coastal ecosystems.
Developing high-quality marine and coastal mapping combined
with restoration suitability and predictive models to identify
optimal locations for multiple habitats under future climate sce-

Box 3. Coral restoration in the Philippines

The Philippines has a relatively high number of coral restoration pro-
jects, supported by its exceptional marine biodiversity and strong in-
terest from external funders. These projects generally focus on rehabil-
itating degraded reefs and strengthening fisheries management, while
those led by the tourism sector can also supplement community liveli-
hoods. Despite this potential, implementation is often constrained by a
slow, centralized, and confusing permitting system that requires ap-
provals from multiple agencies. Many practitioners are unaware of
the complex requirements, which has led to delays, cancellations, or
reliance on local permits alone.?” Currently, seventeen policies relate
to coral restoration, three of which address restoration techniques.
These are inconsistent: one requires national permits, another requires
local permits, and a third only provides technical guidance. The lack of
integration, overlapping jurisdictions, inconsistent definitions, and
additional local rules (such as those for MPAs) create a fragmented
and confusing regulatory environment. Limited technical expertise
within regulatory agencies, particularly at local levels, further exacer-
bates the situation.”” Navigating these overlapping permitting require-
ments is slow and costly, often delaying projects beyond critical win-
dows. Weak enforcement and monitoring reduce incentives to
comply, and insufficient oversight allows poorly designed projects to
proceed, risking ecological harm. Overall, the existing policy frame-
work fosters inefficiency, abandonment of initiatives, and limited
long-term restoration outcomes.
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narios should be a priority. Restoration actions to restore biodi-
versity need to be adopted and aligned with climate science
modeling approaches® to maximize the resilience and efficacy
of restoration.

Other innovative approaches include using genetic technolo-
gies to proactively match the adaptability of target species to
projected future environments and may increasingly rely on
new synthetic biology tools.®® Conservation efforts should not
only focus on mitigating climate change impacts but also on pro-
actively managing emerging opportunities.®’ This involves the in-
clusion of species and biodiversity beyond national borders,
embracing successful and ecologically functioning invasive spe-
cies where they are established and dominant, and considering
where we might need marine species and habitats to be func-
tional in the future.®® As an example, the Reef Restoration and
Adaptation Program (RRAP) in Australia’s Great Barrier Reef ex-
emplifies this approach, where integrated climate adaptation
into restoration efforts is proliferating.

Marine species are increasingly extending their geographical
ranges beyond their native areas in response to climate change
and shifts in abiotic conditions.®® However, species shifts are not
always fast enough to respond to rapidly changing environments
and may, in some instances, benefit from human intervention to
facilitate range expansions. Examples of where such assisted
migration might be considered are the spread of the subtropical
seagrass Cymodocea nodosa northwards in Europe’® or the
deliberate movement of corals further south on the Australian
east and west coasts.”’ However, assisted migration needs to
be conducted to align with changing temperatures and/or condi-
tions, rather than relying on water movements or other vectors to
facilitate colonization. We must consider the range shifts
required by these species to support the long-term functioning
of marine and coastal ecosystems, which necessitates licensing
methods to facilitate this. Alongside such assistance, we also
need to consider which phenotypes and genotypes may
enhance population resilience and how these are identified and
then moved. Emerging tools such as Reef Adapt match optimal
donor material for restoration on any particular site based on ge-
netic, biophysical, and climate prediction data.”® Evidence from
the US and the Netherlands indicates that such assisted migra-
tion is beginning to commence for seagrass and corals (Uns-
worth and Govers, unpublished data).

While assisted migration and assisted gene flow are increas-
ingly being considered in terrestrial environments,”"* they are
currently not on the agenda of many marine management
agencies. The authors’ experience is that many management
agencies are, in fact, opposed to such a movement due to hes-
itations around the science, which led to an informal approach.
Legislative restrictions on such assisted migration are due to
the potential impact on the genetic population as an element
of biodiversity. Species movements that facilitate gene flow or
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Table 1. The use of bionovelty in marine and coastal restoration
science at the species and community level creates opportunities
to improve current restoration practice

Species-level techniques Community-level techniques

Assisted gene flow assisted migration to adjust
for climate-driven range

expansions

Assisted migration modeling for sea level rise in

site selection

Use of probiotics restorative aquaculture

Use of established manufactured habitats
populations of
non-native and/or

invasive species

Selection for climate -
resilience on

population levels

migration in the ocean in the context of conservation and resto-
ration have been largely limited to date and are mostly restricted
to the relocation of iconic endangered animals, such as the
black-footed albatross.”> However, significant interest is
growing in assisted migration, including the development of
methods to improve its feasibility and understanding the chal-
lenges involved.”®

All these approaches must consider ecological integrity along-
side the well-being, values, and needs of local communities that
rely on the ecosystems for the services they provide.'® Impor-
tantly, innovation is at the core of successful restoration. Stra-
tegic initiatives, such as the MoonShot (i.e., the US mission to
put a human on the moon), succeeded not just because of the
funding invested but also because they created a sandbox envi-
ronment for innovation (through financial, virtual, and actual
means of testing and innovating). Achieving marine restoration
success necessitates not just the funding that such programs
are accumulating, but the willingness of government regulators
to facilitate it and create a “marine and coastal restoration
sandpit” environment where scientists and practitioners can
innovate. However, such innovation comes with an equal or
greater level of responsibility, certain ethical considerations,
and the need for appropriate risk assessments.*” This also
requires consideration of the associated comments and
stakeholders who have the potential to be impacted by a
project and can also become major assets to restoration
projects.’”"®

IMPROVED KNOWLEDGE EXCHANGE IS ESSENTIAL

Improved decisions around marine restoration should be
grounded in an evidence-based approach. This means necessi-
tating good knowledge exchange of successes, failures, new un-
derstanding, and new methods within the restoration commu-
nity.’* Given the expanding use of ecological restoration driven
by financial instruments, the commercial imperative to plant or
create habitat has a strong potential to sidetrack the science in
favor of commercial interests (e.g., reduced monitoring, no
imperative to share knowledge or understand why something
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happened or not). Such financial interests may lead to conserva-
tion failure, as seen with forest carbon credits.”®

To avoid “blue-washing” and ensure that marine and coastal
restoration follows the science and is evidence-based, the
licensing of marine and coastal restoration must become a
two-way process that promotes collaboration and understand-
ing between regulators and restoration practitioners. While reg-
ulators have many ways to reduce the burden of licensing, the
marine and coastal restoration community is also integral to the
process. For example, one of the many reasons for hesitation
from regulators in licensing marine and coastal restoration is
the general sense of skepticism toward such activities and a
perception that more research is needed to make decisions—
a phenomenon we might call “perfection paralysis.”®® Critics
of marine and coastal restoration also refer to it as cosmetic
conservation or heroic interference, stating that it provides false
hope and is subject to political manipulation, distracting from
the real challenge of avoiding catastrophic environmental
change.**®'

Critics of marine and coastal restoration often dispute the
need for restoration. Such critics prefer to point toward alterna-
tive recovery pathways or technical solutions, highlighting a lack
of significant impact of the restoration or emphasizing the natural
recovery capacity of marine ecosystems. Such criticisms are
commonly brought about by the problem of shifting baselines®
resulting from a lack of public reporting of projects and their out-
comes.'® However, we feel that there is a significant disconnect
between these criticisms and what is happening in the field (see
discussions in Suggett et al.,'' Braverman,®® and Hughes
et al.?%). In the same way, there is almost certainly a disconnect
between those involved with the decisions on licenses and prac-
titioners (see Boxes 1, 2, and 3 and supplemental information).

To ensure evidence-led marine restoration is undertaken, the
wider community needs to share its knowledge openly and
make it accessible. Marine and coastal restoration is commonly
conducted by a mix of practitioners, scientists, and specialists
but may also involve smaller community groups. For example,
in Indonesia, policy frameworks for reef restoration have encour-
aged a variety of practitioners to engage in reef restoration.®”
However, these projects are often not coordinated with broader
networks of restoration practitioners or scientists, and only 16%
of the identified projects included a post-installation monitoring
framework.®> At every level, projects fail, mistakes are made,
but, although success stories do happen, the reporting of the
“facts” is often insufficient.®® There are no public records of where
and when such projects occur, and existing records, such as the
Society for Ecological Restoration’s lists, do not provide clear de-
tails of the project’s actions or outcomes. Calls have been made
to create databases for projects to improve reporting.®®

A more open environment for licensing must also create a
more open environment for sharing knowledge. Regulators
need to have transparent processes that not only make licensing
easier but also stipulate that all actors, from academics and non-
governmental organizations (NGOs) through to industry, report
on their activities.®* A challenge for achieving such reporting is
the presence of incentives to not rigorously report on failures
(e.g., due to fears of not obtaining future funding). We are not
saying knowledge sharing needs to be done via complex report
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writing, but, at a minimum, a clear statement of project methods
and summary metrics of the project outcomes should be
required. Thus, understanding simple key performance indica-
tors to measure success is another area where work needs to
be urgently undertaken, translating the complexity of the eco-
systems into standardized monitoring and reporting that is
simple to measure reliably, repeatedly, and cost-effectively. Fun-
ders need to be proactive in ensuring practitioners can conduct
such activity.

RESTORATION AT SCALE REQUIRES TIME

Most evidence in marine and coastal restoration indicates that
large-scale action both in space and time is key to success. Pro-
jects that go big over longer time frames generally succeed,
aligning with many of the major terrestrial ecological restoration
projects.’*3 Although this is not always the case, it is as much
about overcoming environmental feedback and reaching tipping
points®” as it is about making the right decisions and maximizing
the opportunities of resources on a larger scale (e.g., propa-
gules, infrastructure, and finances). Larger resources in bigger
projects also allow for a far more holistic view of the restoration
to be considered alongside a greater incorporation of social ele-
ments alongside the ecological ones.'”®® This is particularly
important to emphasize, as there is increasing evidence of the
limited integration of social values into many marine restoration
projects.®®

As marine and coastal restoration is mostly a novel activity, the
majority of projects undertaken (seagrass, shellfish, coral reefs,
and seaweed) are tiny in size,®® operating at scales of tens of
square meters rather than square kilometers.®® The notable
exception includes some marsh and mangrove projects, which
are more advanced in scale with sizes of many tens of thousands
of hectares.””° Scaling poses significant issues regarding
licensing and capacity, particularly with regard to spanning
various coastal land ownership as well as the supply of material
and the willingness of regulators to license the supply of donor
restoration materials (e.g., seeds, plants, shell cultch, or coral
fragments). There is also a significant pinch point regarding pro-
jects that require the translocation of restoration materials across
borders. Issues of governance that transcend political borders
(e.g., the need to transfer restoration materials across borders
and associated legal issues) extend to other policy-based issues,
such as varying provincial policies and landowner concerns.

Small projects often depend on who has the time and funds to
acquire the necessary permissions, where the efforts are dispro-
portionately costly to small projects as the regulatory process is
independent of project size. This may result in failed restoration
endeavors that otherwise held potential. While such exercises
can be excellent learning experiences for actors involved, they
do not necessarily solve the overarching need and often miss
the initial restoration goal due to delays and misaligned timelines
in permitting.

Creating larger projects is part of the solution for marine and
coastal restoration, as they can generate economies of scale so-
lutions that spread the costs (and risks) of planning, engagement,
and licensing considerations. This does not mean that it must all
be done by one major actor, but that areas predefined for resto-
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ration offer opportunities for much bigger joined-up thinking.
This opens opportunities for a variety of different stakeholders
and actors, from community groups to corporate enterprises, to
be involved in restoring the marine realm. These efforts need to
be part of bigger, more coordinated strategic approaches from
governments, which may catalyze major funding opportunities
to enable delivery.'® We should also not fear business if such
practices are undertaken with a sustainable focus and a circular
economic aspect, which sees profit pushed back into restoration
practices.’’ However, although scale helps, the success of resto-
ration projects still depends on how well they are designed and
implemented, especially as they are highly complex and require
numerous decisions to ensure successful project outcomes.
Marine and coastal restoration at scale is often only achievable
through a continuous restoration effort that lasts decades,”” al-
lowing projects to build on previous success and experience.
Ongoing efforts also allow for adaptive management and inte-
gration of scientific innovation and refinement of restoration
techniques. However, restoration permits are often granted for
much shorter periods (e.g., 3-5 years), resulting in a mismatch
between long-lasting restoration efforts and permitting that can
create several problems. Short permits may cause projects to
stop and restart frequently, delaying ecosystem recovery and
challenging the achievement of long-term goals. Discontinuity
can leave partly restored habitats vulnerable to degradation,
reducing the effects of previous restoration work and financial in-
vestments. Time and money are spent on repeated permitting
instead of restoration work, and securing continuous funding
may be difficult if it depends on unpredictable permit renewals.
Therefore, alignment of timelines between restoration goals
and permitting is crucial for long-lasting restoration projects.

LICENSING AND REGULATION CAN BE AN IMPEDIMENT
TO MARINE AND COASTAL RESTORATION

Marine life is highly sensitive to disturbances, exploitation, pol-
lutants, changing environmental conditions, and biological inva-
sions, all of which are stressors linked to human activities,
including fisheries, industrial and agricultural activities, global
trade, and coastal development.®® Regulation to control these
impacts is indeed an absolute necessity. That said, many would
argue that current regulations across many countries are often
insufficient in their implementation®® and/or overly complex,
weakening their application.”* As such, the very regulations
aimed at protecting the marine realm can, in some instances,
also hinder marine and coastal conservation, especially when
restoration is the primary focus. We believe that some regulatory
processes actively restrict the capacity of nation-states (see
Figure 2) to fulfill their international obligations, facilitated by
agreements such as the GBF.

A series of literature case studies from Queensland (AUS), Cal-
ifornia (US), the UK, and across the Mediterranean clearly sets
out the problems of licensing being encountered by marine
and coastal restoration projects.”>°” These studies show that
the permitting process is only one part of the problem, and prog-
ress is also being hampered by onerous post-approval condi-
tions, including ongoing liability for restorative interventions.”®
Based on our experience of working in marine restoration across
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Complex and slow processes of marine licensing (with poor clarity) -

Onerous and costly marine licensing 4

Restricting deployment of gear to anchor restoration material 4

Constraining actors to plant/deploy in sub—optimal locations -

Preventing movement of restoration material due to Invasive Non—native Species
Preventing experiments with novel materials/methods -

Constraining actors to target areas beyond conservation protection due to excessive regulations -
Constraining actors to collect restoration material from sub-optimal sites

Restricting restoration due to perceived threats to natural/historic/cultural designations 4
Restricting collection of restoration material due to perceived threats to natural populations
Restricting biological sample collection to understand site conditions or project status -
Restricting who can collect restoration material -

Preventing site access due to other protected species A

Restricting movement of restoration material across national boarders

Unnesessary chemical (or other) treatments for Invasive Non—native Species control -
Restricting restoration near infrastructure 4

Restricting movement of restoration material within national boarders -

Restricting introduction of non—native genotypes

Proximity to existing monitoring stations -

Preventing logger deployment -
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¢ CellP’ress

OPEN ACCESS

N
o
n
o
D
o
@
o

Percentage of participants (%)

Figure 2. Proportion of the authors who have experienced the following impediments to marine restoration
Data are from 21 scientists (authors) working on marine restoration across 6 ecosystems in 17 countries, all of whom have worked on marine restoration for over 4
years and at least 2 separate major projects. For methods, see supplemental information (N.B. not all of the 25 authors contributed to the survey).

six ecosystems in 18 countries, we observe similar restrictions
on these activities to those set out by Bell-James, Foster, and
Shumway.’® We also observe how such restrictions can hinder
project implementation, resulting in suboptimal site choices,
increased project costs, poor decision-making during the design
and implementation of restoration practices, and reduced inno-
vation (see Figure 3).

A consistent problem is often that restoration licensing is very
onerous or not possible in marine protected areas (MPAs) due to,
for example, protected features or species, even when those are
unlikely to be impacted. As a result, this can lead practitioners to
choose unprotected or privately owned sites for activities, rather
than face the expense and time required for regulatory pro-
cesses, with the high risk of negative outcomes. In many regions,
the only available permits for environmental intervention projects
are terrestrial-based and designed to limit habitat destruction;
however, they are not fit for purpose for restoration initiatives.
We also observe a tendency for some actors to take actions
into their own hands, through illegal actions, as has been seen
in terrestrial “covert rewilding,” to push forward improved out-

comes for marine life in response to uncertain regulations and
complex licensing procedures.”’

At the same time, complex licensing procedures likely prevent
the facilitation of knowledge sharing, a process that should be
encouraged at every opportunity and certainly not curtailed.
The absence of robust regulations, or the under-regulation of
these activities, on the other hand, can also hinder progress
and innovation in marine and coastal restoration, as practitioners
have no clear route toward permitting, as is observed in some
developing countries.’” We therefore conclude that existing
regulation often restricts restoration potential for success.

Further, climate and biodiversity policies are often developed
and implemented by separate institutions and frameworks, lead-
ing to missed opportunities for coordinated action. Cross-border
collaborative efforts should be emphasized with the aim of
creating shared goals and strategies that serve both climate miti-
gation and biodiversity conservation. Marine and coastal resto-
ration licensing should, therefore, be open to emerging opportu-
nities for climate-proofing marine restoration activities by
multiple stakeholders and participants.

Cell Reports Sustainability 2, 100526, November 21, 2025 9




(2025), https://doi.org/10.1016/j.crsus.2025.100526

Please cite this article in press as: Unsworth et al., Rethinking marine restoration permitting to urgently advance efforts, Cell Reports Sustainability

¢? CellPress

OPEN ACCESS

OPTIMAL

(6 ) (11 R RESTORATION
—— pgeg.\:-\%swe
- S
\,
-

Cell Reports Sustainability

1. Restoration team spend onerous lengths
of time completing licensing paperwork

2. Rogue deployments in response to
licensing bottlenecks

3. Restoration restricted next to port
infrastructure

4. Presence of protected species prevents
site access

5. Restoration material close to deployment
site but INNSs restricts collection

6. Restoration material cannot be collected
as across national and regional borders

7. Challenges understanding site suitability
due to licensing of loggers and sample
collection

8. Restoration in exposed location as cannot
deploy in sheltered MPA

9. Exposure risk of deployment exacerbated
by restrictions on deployment gear

10. Restoration material collected in polluted
estuary as only place licensed

11. Restrictions on site assessment and
monitoring due to time and costs spent on
licensing

12. Multiple catchment and coastal threats to
habitats remain a limitation to marine
restoration

Figure 3. The consequences of restrictions and bottlenecks to restoration in the coastal seascape

A series of suggestions for policy interventions focusing on
increased transparency and better integration into coastal policy
has been made for Australia®® and would be applicable interna-
tionally. Yet, the uptake of policy interventions appears to be
limited. This lack of uptake or acknowledgment of the challenges
around licensing is contributing toward missed opportunities
and the suspicion that marine restoration projects may often
be failing.”®'°° However, in many cases, this failure may even
be driven and exacerbated by a need to adhere to unrealistic
or inappropriate regulations, or it may be so poorly developed
as to include no detailed monitoring and reporting.

LET US BE CLEAR, DEREGULATION IS NOT THE
ANSWER

We strongly advocate for an improved licensing system for ma-
rine and coastal restoration activities that reflects the interna-
tional commitments of nations under agreements such as the
GBF, which also considers the triple planetary crisis of climate
change, biodiversity loss, and pollution. However, we do not
support complete deregulation that would facilitate marine and
coastal restoration without adequate controls. While acknowl-
edging that there are many and often vast knowledge gaps in
our respective fields (or the ocean, as the case may be), we
believe that, under strict (but evidence-based) guiding princi-
ples, restoration can be conducted without heavy regulation
and provide the opportunity to address these knowledge gaps
and allow for rapid development of the sector.

10  Cell Reports Sustainability 2, 100526, November 21, 2025

There are many examples of cases where uncontrolled or un-
governed restoration practices have led to unintended conse-
quences—for example, in the Philippines, the need to achieve
ambitious mangrove planting area targets led to planting on
and the destruction of neighboring tidal flats.'" In other cases,
overcollection of restoration materials (such as seagrass seeds)
has raised concerns due to the lack of monitoring and reporting
on the status of donor populations. The principles of marine
restoration are outlined for multiple key habitats'®4%19219% ang
provide strong guidance on the appropriate approaches
required. Hence, we advocate for licensing that is evidence-
based and enables participants to sign up to those principles
without onerous costs and demands.

A NEED FOR EQUITY AND RESPONSIBILITY IN
RESTORATION

The urgent need for improved and expanded marine and coastal
restoration necessitates rapid decision-making about new pro-
grams and projects. While the general expectation around resto-
ration is a net benefit to nearby human populations, this might
not always be the case. Forest restoration, for example, has
led to loss of access and resource rights in some cases.””"’® Eq-
uity in marine restoration refers to ensuring fairness and justice in
the distribution of conservation benefits and burdens, as well as
in the participation of different groups in decision-making. The
Kunming-Montreal GBF emphasizes human rights, including
the rights of Indigenous peoples, local communities, women
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Figure 4. Six key improvements required to improve licensing and science for marine restoration

and girls, youth, and environmental defenders.'® It is essential
that marine restoration incorporates this perspective.

Ecosystem restoration is most commonly driven by biodiver-
sity and climate change challenges, often disregarding associ-
ated yet complex social, cultural, political, economic, institu-
tional, and behavioral aspects.'®® Although we advocate for a
cultural shift in how restoration is regulated and licensed, partic-
ularly in the context of improving climate change adaptation, we
also emphasize that this happens in an equitable manner. Ur-
gency to act is not an excuse for a lack of community engage-
ment and consideration. We also recognize the growing body
of evidence that highlights how improved social considerations
in ecological restoration improve project outcomes. '

THE LAST WORD—AN AGENDA FOR CHANGE

Oceans are experiencing profound and rapid change for the
worse, and many of the global marine and coastal conservation
efforts amount to little less than a drop in said ocean. For the
restoration of marine ecosystems to happen at any genuine,
meaningful scale, we believe that an urgent and major cultural

shift is required in how licensing and regulation of marine resto-
ration activities are done. There is great promise in restoration or
regeneration, but its potential is being held back by unrealistic
ecological baselines, outdated priority setting, and increasingly
naive views of the rapidity with which the planet is changing. A
cultural shift in licensing needs to consider restoration not just
from the perspective of recreating habitats but also from
ensuring resilient coastal functions and, at the same time,
creating stepping-stones, islands, and corridors for future
colonization.

We need to think way beyond what we see as baselines (his-
torical or even current) and view a changing climate as a means
of rethinking coastal seascapes to better support our future. This
requires a licensing system that is robust yet flexible, ensuring it
remains fit for purpose and incorporates future thinking and
technology in a rapidly changing world. In conclusion to our anal-
ysis, we propose six improvements to marine and coastal resto-
ration science and licensing to serve as a catalyst for change
(Figure 4).

(1) Proactively embrace opportunities in restoration science
to harness novel approaches and techniques (e.g.,
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non-native species, assisted gene flow and migration,
and genetic technologies) to future-proof for climate
change and shift away from historical ecological base-
lines.

Establish innovation “sandpits” that provide a safe and
easily licensed space to develop, test, and refine innova-
tive solutions to improve marine restoration science for all.
These may be broad habitat-based networks and/or site-
specific sandpits for multi-habitat restoration.
Strategically create marine and coastal restoration areas
(potentially even within existing MPAs or National Parks)
where ubiquitous permissions and licenses for restoration
are provided, subject to practitioners’ following specified
regulations. Information on these areas and activities
should then be shared with other agencies using the ma-
rine space to ensure that areas undergoing restoration
are, when possible, protected against future distur-
bances. As with all restoration activities, we argue that
the rollout of these initiatives should be guided by the prin-
ciples of free, prior, and informed consent (FPIC) with
local communities and, where possible, conducted in
collaboration with such communities.

Establish strong mechanisms and accountability for
transparent restoration reporting so that knowledge is
shared directly. This is needed, as advancements in
restoration science can only be made through an iterative
process. This would enable a “learning from failure sys-
tem” and ensure education across a diverse range of
stakeholders.

Create licensing regimes that are (1) streamlined to
reduce the need for multiple permissions, (2) cover
ecologically realistic time frames to promote developing
restoration projects at scale, and (3) are based on the pre-
sumption that restoration and habitat creation are positive
activities.

Cease charging licensing fees for marine restoration prac-
tices and prevent seabed owners from charging fees
(while respecting traditional and Indigenous rights) for
undertaking marine and coastal restoration. Instead of a
fee-based system, an incentivizing system for seabed
owners to voluntarily increase the restoration footprint
on their land.
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Supplemental Notes

1. Polarization effects of conventional endoscopes

Conventional endoscope consists of an objective lens, an imaging relay system
comprising several rod lenses, an ocular lens and two sapphire windows permanently
welded at both ends of the endoscope (see Figure S1A). The objective lens has a small
entrance pupil (about 0.6mm diameter) and a large AFOV (typically over 70°)
depending on specific applications. The ocular lens is designed with a very small chief
ray angle (about 7°) and proximally infinite focus in the image space to accommodate

the human eye or camera with a coupling lens®rror! Reference source not found.

To investigate the polarization effects of conventional endoscopes, we analyzed four
representative commercial endoscope models from Storz, Olympus, ShenDa and Omec
(0° viewing angle). The measurements were conducted with a benchtop Mueller
imaging system (see Note S7 & S8). The Mueller matrices were subsequently
decomposed into diattenuation, retardance and depolarization scalars® (Figure S1B-E).
The diattenuation was weak in all models (<0.05) and was omitted in the article. Based
on the retardance and depolarization image patterns, the models can be categorized into
two types: Type I (including Storz, ShenDa and Omec, Figure S1B, D & E) with
centrosymmetric retardance patterns and radially increasing depolarization; Type II
(Olympus, Figure S1C) with asymmetric retardance pattern and nearly evenly

distributed depolarization across the FOV.

To demonstrate the incompatibility between conventional endoscopes and PG imaging
due to the prominent polarization effects, the endoscopic PG imaging system was used
to image a test target (a diffuser behind a linear polarizer, see Note S9). An effective
PG imaging system should prevent crosstalk between the co- and cross-polarization
imaging channels. We adapted both Type I (Storz) and II (Olympus) endoscopes, as

well as the experimental endoscope that is custom-made without sapphire windows



(used as a benchmark), to the endoscopic PG imaging system to demonstrate the
crosstalk (see Note S20) introduced by each. As shown in Figure S1F, the benchmark
system showed negligible channel crosstalk (ER = 70.69), about 40 times better when
either the Type I (ER = 1.90) or I (ER = 1.67) endoscope was used. Specifically, the
Type I model presented dispersive artifacts arising from retardance while the Type 11
model showed nearly homogeneous crosstalk in the FOV due to its intense

depolarization (Figure S1C).

To evaluate how polarimetric imaging is affected by the depolarization of conventional
endoscopes, we used the endoscopic Mueller imaging system with the experimental
endoscope (its depolarization was controlled by changing the sapphire window) to
measure the polarization properties of air (see Note S14, Figure S13, S14). As its
depolarization increased from 0 to 0.7, the endoscopic Mueller imaging system became
progressively degraded. This was evidenced by the substantial rise in the condition
number of the experimental endoscope Mueller matrices, which indicates the backward
stability of a Mueller polarimetric system. The reconstruction errors in diattenuation,
retardance and depolarization increased almost exponentially with the depolarization
of the experimental endoscope (see Note S21 and Figure S1G). The median
depolarization of the representative Type I and II endoscopes were 0.22 (Omec), 0.15
(ShenDa), 0.20 (Storz) and 0.56 (Olympus) respectively. For the most popular Storz
and Olympus endoscopes, their median depolarization corresponded to approximately
three- and eight-fold reconstruction errors compared to the situation where the
depolarization was around zero. Considering that polarimetry relies on precise
measurements of the polarization properties of samples, the depolarization of the

conventional endoscope poses challenges for polarimetric endoscopy.

2. Factors that decide the polarization effects of the conventional endoscopes
Given that both retardance and depolarization of endoscopes became negligible
following the removal of sapphire windows®, we assumed that factors including the

optic axis (OA) direction and thickness (T) of the sapphire window, the AFOV of the



endoscope, the central wavelength (CWL) and bandwidth (measured by the full width
at half maximum, FWHM) of the illumination light, and the position of the sapphire
window (i.e. the distal and proximal ends) affect the polarization effects. The
assumption was verified through experiments (Figure S2-S5) and the influence of these
key factors was examined. The experimental results reveal the following facts. First,
the patterns of the retardance and depolarization were primarily determined by the OA
direction. The C-cut featured almost identical patterns to the Type I endoscope. The R-
cut exhibited consistent patterns with the Type II endoscope. The A-cut window
induced hyperbolic retardance fringes and nearly evenly distributed depolarization.
Second, the sapphire window position (distal/proximal) had substantial influence in the
polarization effects. Installing the sapphire window only at distal end resulted in
complex retardance patterns. Conversely, placing the sapphire window only at the
proximal end yielded simple effects: negligible polarization effects for the C-cut and
almost homogeneous retardance and depolarization for the A-cut. Using C-cut windows
at both ends was essentially the same as using a C-cut window at the distal end only.
Third, the impact of the window thickness and AFOV were similar. Thicker windows,
larger AFOV generally led to stronger retardance represented by more orders in the
retardance image and higher depolarization. Fourth, the polarization effects were highly
wavelength and bandwidth dependent. Longer wavelength corresponded to weaker
retardance and lower depolarization. The bandwidth slightly influenced retardance but
strongly influenced the depolarization. Depolarization was still considerable even using

a single-frequency laser, suggesting part of depolarization was bandwidth insensitive.

3. Formation mechanism of the retardance in conventional endoscopes

Because of the birefringence of the sapphire window, a randomly polarized incident ray
will be split into the orthogonally polarized ordinary and extraordinary ray pair whose
SOPs are perpendicular to each other if the ray did not incident along the OA direction.
The ordinary ray undergoes regular refraction and its optical path can be calculated with
Snell’s law. In contrast, the refraction of the extraordinary ray in the sapphire window

is more complicated, but its optical path can still be calculated using the Huygens’s



principle®. In the simulation, the object was assumed to be at infinity and thus only the
primary ray corresponding to a unique field angle was considered for a specific object
point in the FOV. As the ray passed through the sapphire window, a phase difference
was induced between two rays due to the birefringence of the window, and lead to
retardance. Let the direction cosine vector of the ordinary ray and the OA be
[0 1Mo olT and [@ B y]T, and the refractive indices for the ordinary and
extraordinary rays be n, and n, respectively. The direction cosine vector of the

extraordinary ray can be calculated by

§]1 1 [n6mé+NB*  —niNap 0 |ré (1)
[T]e] = 5 —niNaefs ng(ng + Na?) 0 [770]
Ce €9 0 raj/g,

100

0 1 0”

0 00

where
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Due to the difference in the refractive indices and the optical paths, a phase shift
between the pair of perpendicularly polarized rays is introduced. The phased shift can

be calculated by!”

§ = 27;—71 (n, cos@, —n, cosb,) (2)
where & is the phase shift, T is the sapphire window thickness, A is the wavelength,
8, are the refraction angles of the ordinary and extraordinary rays. Moreover, since
the sapphire is a negative uniaxial crystal (i.e. n, > n,), the effective refractive index
of the extraordinary ray, n,, is dependent on the incident direction of the ray and need

to be calculated with the index ellipsoid of the sapphire. Denoting the length of the

minor axis and equator radius of the ellipsoid by ny and n, respectively, n, canbe

calculated by!®
1 cos?¢ sin?¢ 3)
2 7 T3
ng ng ng

where ¢ is the angle between the incident ray and the OA. Furthermore, the



polarization direction of the ordinary ray is perpendicular to the plane defined by the
incident ray and the OA, while the extraordinary ray is polarized perpendicular to the
polarization direction of the ordinary ray and the propagation direction of the incident

ray.

Knowing the phase shift (§) and the polarization direction of the extraordinary ray
component (6), the Mueller matrix corresponding to the ray can be calculated by:
M (4)

1 0 0 0
1 0 cos?20 +cosésin?20 (1 —coséd)sin260cos20 —sindsin26
0 (1—cos@)sin20cos260  sin?260 + cosd cos?20 sin S cos 26
0 sin @ sin 260 —sin § cos 260 cosd

To derive the retardance in the entire FOV, the retardance for the primary rays of each
object point in the FOV was calculated. Notably, each object point is projected onto the
image plane via different optical paths corresponding to a different effective

birefringence, thereby spatially inhomogeneous retardance manifested in the FOV.

4. Simulate the retardance in conventional endoscopes

The retardance effects of the endoscope with a sapphire window at the distal end were
simulated with MATLAB 2022b environment (Figure 1B-E). In the simulation, the
spatial relation of the rays and the sapphire window was defined by the 3D Cartesian
coordinates. The surface normal of the window was assumed along the z-axis (i.e. its
direction cosine vector is [0 0 1]T) and the OA direction was defined by the
azimuth angle (0) in the x-o0-y plane and zenith angle (¢) between the OA and the z-
axis (i.e. its direction cosine vector is [cos@sin¢ sinfsin¢ cos@]T, see Figure
S15). To simulate the retardance pattern for the C-, A- and R-cut windows, their OA
directions weresetas [0 0 1]T, [1 0 0]T and [0.64 0 0.77]T respectively.
The thickness of the windows was set to 1 mm. The illumination light was set as 532
nm monochromatic, and the AFOV was set to 80°. With these parameters set,a 512 X
512 x 3 array was created to represent the directions of the primary rays propagating

from the OPs to the sapphire window, and from the center to the edge of the array, the



zenith angles of the rays were varied from 0° to 35° while the azimuth angle rotates
around the z-axis (Figure S15). Then the Mueller matrix for each ray across the AFOV
can be calculated following equation (1)-(4). In the calculation, the refractive indices
for the ordinary and extraordinary rays were adopted from existing literature!’). By
decomposing the Mueller matrix for each ray in the 512 X 512 field, the retardance
images were obtained (Figure 1B). The rest retardance patterns (Figure 1C-E) were then
simulated following the same procedure by singly altering the thickness from 1 mm to
2 /2.8 mm, the AFOV from 80° to 65  and wavelength from 532 nm to 630 nm

respectively.

5. Formation mechanism of the chromatic depolarization and the simulation

Since the sapphire window induced retardance is wavelength dependent, the incoherent
superposition of light retarded depending on the wavelength leads to the chromatic
depolarization. Therefore, the resulting Mueller matrix (My) for broadband illumination

can be calculated by
M, = f M (1) PSD(1)dA (5)

where M(A1) denotes the Mueller matrix at wavelength A and PSD(A) denotes the

power spectral density of the illumination light.

To simulate the chromatic depolarization, we assumed the power spectral density was
uniformly distributed from 400 nm to 700 nm. The refractive indices were fitted based
on the data provided by previous study!’! (Figure S6). To calculate the final Mueller
matrix, Mueller matrices in the FOV were calculated from 400 to 700 nm with 1 nm
separation; the thickness of the sapphire windows were set to 1 mm and AFOV were
80°. The final Mueller matrix (M) was calculated by

M, = f M(A)/BOO ©

1=400

The chromatic depolarization is then obtained by decomposing M.



6. Formation mechanism of the aperture depolarization and the simulation
Since the OPs on the object emit a cone of rays whose opening angle is defined by the
aperture of the endoscope, the incoherent superposition of the rays in the cone at the

image plane results in the aperture depolarization. Similar to the chromatic
depolarization, the Mueller matrix (M,p,) of each point in the FOV concerning the ray

cone can be calculated by:
M,, = f M(6) DF(6)de (7)

where M(6) denotes the Mueller matrix corresponding to the ray in direction 6 in

the ray cone and DF(8) denotes the density function for ray distribution in the cone.

To simulate the aperture depolarization, the ray density in the cone was assumed
uniform, and a 64 X 64 X 3 array was created for each primary in the FOV
represented by the 512 X 512 X 3 array to represent the directions of rays that deviate
from the primary ray in the cone. Additionally, the F number of the endoscope was
assumed to be 5.72 (usually ranging from 5 to 9 for conventional endoscopes) and 80°
AFOV, resulting in 10° aperture angle at the center of the FOV and 5.88° at the edge.
Besides, the sapphire window thickness was assumed 1 mm and the wavelength was
assumed at 532 nm. The Mueller matrix of a point in the FOV concerning the ray cone

was then calculated by

M,, = i M(6) / N ®
0

where N denotes the total number of rays assumed in the cone. The aperture

depolarization was then obtained by decomposing M.

7. Simulate the polarization effects when mismatches occur between the sapphire and
compensation plates

The Mueller matrix of the endoscope when mismatches occur between the sapphire and
compensation plates can be calculated by directly multiplying the Mueller matrices of

the endoscope when the two plates are mounted singly at the distal end. The total



Mueller matrix can be simply obtained because the rays keep their propagation
direction after passing through the plane-parallel plate and the ordinary and
extraordinary rays will not further split into ray pairs in the compensation plate for

either C- or A-cut options.

In the simulation, we assumed the light spectrum ranges from 400 to 700 nm, the AFOV
to be 80°, the thickness of the MgF> compensation plate as 1 mm, the OA direction as
[0 0 1]T and [1 0 0]T for C- and A-cut plates. The aperture depolarization is
ignored in the simulation because it is weak comparing to the chromatic depolarization
in broadband situation and including the aperture depolarization in the simulation is

time consuming.

Then, we firstly find the optimal thickness of the C- and A-cut sapphire windows that
minimizes the retardance in the FOV. Here, only the retardance is considered to obtain
the optimal ratios, since the depolarization is its secondary effect. With the optimal
thickness (2.29 mm for C-cut, 2.43 mm for A-cut) obtained, we increased the thickness
of the sapphire window by 0.01 mm for each step and calculated the resulting
polarization effects. Moreover, the OAs of the sapphire windows were assumed ideally
matched with the compensation plate when the thickness mismatch is examined.
Secondly, for OA mismatch, we adopted the optimal thickness for the plates and
changed their OAs to examine the resulting polarization effects. In the simulation, we
only change the OA direction in the zenith angle because the mismatch in the azimuth

angle mismatch can be mitigated by rotating the sapphire window in practice.

8. The benchtop Mueller imaging system
The setup of the benchtop Mueller imaging system is illustrated in Figure S13. The
system, in general, was composed by the polarization state analyzer (PSA) and the

polarization state generator (PSG).

The PSA was composed sequentially of a coupling lens (AC254-050-A-ML, Thorlabs),



a two-position slider (CFS1/M, Thorlabs) with a QWP (WP140HE, Edmund) installed
in one position with the fast axis oriented at random direction and a polarized
monochrome camera (PHX050S-PC, LUCID) with the classic micro polarizer array
(MPA) whose superpixel is composed by 0°, 45°, 90° and 135" micro polarizers.
By sliding the two-position slider for each measurement, the PSA functions as a two-

snapshot full-Stokes polarimeter.

The PSG consists of a light source, a diffuser (a piece of white paper), an LP (WP140HE,
Edmund) whose transmission axis was fixed aligning with the 0° micro polarizers in
the polarized camera of the PSA, and a QWP (XP42HE, Edmund) installed in a rotation
mount. During the measurement, the QWP was rotated counterclockwise to aim its fast
axis at 0°, 30°, 60° and 135" sequentially with respect to the transmission axis of

the LP to minimize the systematic error!®),

To measure the Mueller matrices of the endoscopes, the benchtop Mueller imaging
system was calibrated using the eigenvalue calibration method!® to acquire the accurate
generator matrix (G) of the PSG and the analyzer matrix (A) of the PSA. In the
measurement, the PSG generates four distinct SOPs sequentially by rotating the QWP
in the PSG. G is thus a 4 X 4 matrix composed by the four 4 X 1 Stokes vectors
corresponding to the four SOPs. The PSA provides eight 1 X 4 analyzer vectors
corresponding to the four micro polarizers with and without the QWP in front of the
camera forming the 8 X 4 A. Therefore, totally 32 intensities measurements, which
can be organized into an 8 X 4 intensity matrix (I), were carried out by the system for
a complete Mueller matrix imaging:

I =AM.G 9)
and the Mueller matrix of the endoscope (M.) can be calculated by inverting equation
(9):

M. = A*IG* (10)

where + denotes the pseudoinverse.



9. Measure the polarization effects of the endoscopes with benchtop Mueller imaging
system

In this work, the benchtop Mueller imaging system was adopted to measure the
polarization effects of (1) the representative conventional endoscopes, (2) the
experimental endoscope with various sapphire windows and illumination light sources
to determine the influence of the key factors, and (3) the PME prototype, the
experimental endoscope without sapphire windows. To measure the polarization effects
of these endoscopes, they were placed between the PSG and PSA and the system was
adjusted to focus on the diffuser of the PSG (Figure S13).

Firstly, the commercially sourced representative conventional endoscopes were model
26003AA from Karl Storz, model WAS53000A from Olympus, model JOSOOB from
ShenDa and model 680-331000H from Omec. In the experiment, a white light source
(LED-D1-MAX6K, Oeabt) with 200 nm FWHM was adopted by the PSG of the

benchtop system and its spectra is provided in Figure S16.

Secondly, to determine the influence of the OA direction and the position of the sapphire
window on the polarization effects of the conventional endoscope, 1 mm A-, C- and R-
cut sapphire windows were mounted at both ends of the experimental endoscope
individually and simultaneously, and the resulting polarization effects were measured.
In the experiments, the AFOV of the endoscope was 80°, and a narrowband light
source whose CWL was 532 nm and FWHM was 10 nm (spectra provided in Figure
S16) was adopted by the PSG. The light source was constructed by the white light
source (LED-D1-MAX6K, Oeabt) and a bandpass filter (BP532-10nm, RAYAN
TECHNOLOGY).

To determine the influence of the thickness of the sapphire window and the CWL and
the bandwidth of the illumination light on the polarization effects of the conventional
endoscope, C-cut windows of 0.5 mm, 1 mm and 2 mm thickness and A-cut windows

of 1 mm and 2.8 mm thickness were mounted at the distal end of the experimental



endoscope sequentially to measure the resulting polarization effects with various light
sources. The AFOV of the endoscope was 80" and the light sources adopted in the
PSG include the white light source (LED-D1-MAX6K, Oeabt) whose FWHM is 200
nm, the single longitudinal mode laser (opus 532, Novanta Photonics) whose CWL and
FWHM are 532 nm and 0.6 nm, the green LED light source (HI-080, HengYang) whose
CWL and FWHM are 532 nm and 30 nm, and three narrowband light sources whose
CWLs are 435 nm, 532 nm and 630 nm and FWHMs are 10 nm. The narrowband light
sources were constructed by the white light source (LED-DI-MAX6K, Oeabt) and
three bandpass filters (BPH435-10nm, BP532-10nm, BPH630-10nm, RAYAN
TECHNOLOGY). The spectra of the light sources are provided in Figure S16, and the

measurement results are provided in Figure S3-S5.

Thirdly, to measure the polarization effects of the PME and the experimental endoscope
without sapphire windows, the white light source (LED-D1-MAX6K, Oeabt), the green
LED light source (HI-080, HengYang) and the narrowband light source constructed by
the white light source (LED-D1-MAX6K, Oeabt) and a bandpass filter (BP532-10nm,
RAYAN TECHNOLOGY) were adopted by the PSG, the AFOV of the endoscopes
were limited to 70°. Additionally, the model JOSO0B from ShenDa was also measured

with the same condition for comparison (Figure S7).

10. The endoscopic polarization-gated imaging system and the PG-WLE system

The setup of the polarization-gated imaging system is presented in Figure S17. The
system included two parts: the illumination module and the imaging module. The
illumination module is composed by the white light source (LED-D1-MAX6K, Oeabt),
a diffuser (a piece of white paper) and an LP (WP140HE, Edmund). The imaging
module is composed of an endoscope, a coupling lens (AC254-050-A-ML, Thorlabs)
and a polarized color camera (BFS-U3-51S5PC-C, Teledyne FLIR).

As presented in Figure 4A, the setup of the PG-WLE system was very similar to the

imaging module of the endoscopic polarization-gated imaging system except that the



endoscope was replaced by the PME, an LP (XP42HE, Edmund) whose transmission
axis was aligned with the 90" micro polarizers of the polarized camera was mounted
at the distal end of the PME, and the illumination light was guided from an endoscopic
LED light source (RFFM-16A5, Rayfine, the spectrum is provided in Figure S16) to
the light port of the PME by a fiber bundle (495NCSC, Storz).

11. Calculating the extinction ratio from the Mueller matrix
In Figure 2R, the extinction ratios of the endoscopes are calculated from their Mueller

matrices. In the calculation, the illumination light was assumed to be horizontally

polarized (i.e.§in =[1 1 0 0]7) and the analyzer vector for the co- and cross-

—_

polarization  channels were thus A, ,=[1 1 0 0] and Kcross =

[1 —1 0 0]. Knowing the Mueller matrix of the endoscope (M), the co- and

cross-polarization intensities can be calculated as:

(11)

I(:o/cross = Aco/crossMeSin
The extinction ratio is thus

ER = _co (12)

ICI‘OSS

The ER of each point in the FOV is then averaged to obtain the final result.

12. Specular highlight removal experiments
The in vivo specular highlight removal experiment was carried out with the PG-WLE

system.

Firstly, the oral cavity of a volunteer was imaged by the PG-WLE system to obtain the
0°, 45°, 90° and 135" subimages. Since the illumination light was polarized in the
90" direction, the 90° subimage was the co-polarization image and the 0° subimage
was the cross-polarization image where the specularities were removed. The four
subimages were then added together to obtain the color-resolved-only WLE images:

I = (Io + I45 + I90 + I135)/2 (13)



The WLE images were then fed into the computation-based specular highlight removal
algorithms. Furthermore, with the polarized subimages, the PD images can be

calculated by:

Ico - Icross — I90 - I0 (14)
Ico + Icross I90 + I0

For the images presented in Figure 4N, the PD images for the red, green and blue color

[ =

channels were calculated separately and then merged together with a pseudocolor

scheme.

Next, we replaced the PME in the PG-WLE system with a conventional endoscope
(JO800B, ShenDa) and repeated the procedure to obtain results for the comparison
(Figure 3P).

13. PHP

The PHP is defined by the percentage of the specular highlight pixels in the image!'®,
and is adopted here to assess the specular highlight removal effectiveness. To avoid
missing the specular highlight pixels in the image, which is a common issue for current
image processing algorithms, we manually segmented the image into subimages
containing the specular highlight pixels and then picked out the specular pixels by
thresholding.

14. Surgical smoke removal experiments
The in vivo surgical smoke removal experiment was conducted with the PG-WLE
system. The experimental setup and data collection procedure for this experiment were

the same as the specular highlight removal experiment.

In the experiment, we firstly imaged the abdomen of a lab mouse blurred by smoke
generated by an electric knife on adipose tissue. With the co- and cross-polarization

images, the smoke-removed images (J) can be calculated by:

| = o + IC,EOSS —A +A (15)




where A is a constant representing the environment brightness which is the intensity
image of the scene that can be measured when the scene is completely obscured by the

smoke, and t is the transmission rate that can be calculated by:

t=1_% (16)

where I, is a linear combination of the 0°, 45" and 90" subimages that minimizes

the smoke blurry in the imagel!!!.

In the experiment, the images were acquired at the frequency of 20 frames/s. The
images were processed off-line, and the RPD algorithm was implemented in MATLAB
2023 on a laptop with an Intel Core 17-2700H processor. The processing time for a

single polarization image was approximately 2.6 seconds.

15. The endoscopic Mueller imaging system

The setup of the endoscopic Mueller imaging system is presented in Figure S18. The
system was essentially the same as the benchtop Mueller imaging system except that
an endoscope was attached to the PSA. Therefore, the imaging procedure of the
endoscopic system were the same as the benchtop system but the polarization effects
of the endoscope need to be considered. In the experiment, the polarization effects of
the endoscope in the system was considered as part of the total polarization effects of
the target. Therefore, to obtain the original Mueller matrix of the target (M,), the
Mueller matrix of the endoscope (M, ) must be acquired first with the benchtop system,
and M, was then calculated by:

M, = MM} (17)

where M; is the Mueller matrix denote the total polarization effects of the target

measured by the endoscopic Mueller imaging system.

16. Measure the polarization properties of targets with the endoscopic Mueller imaging
system

The system setups for the measurements are presented in Figure S18. The targets whose



polarization properties were measured by the endoscopic Mueller imaging system
include: (1) the LP film (WP140HE, Edmund), (2) the QWP film (XP42HE, Edmund)
and (3) the ex vivo porcine liver tissue. In the measurements, the white light source
(LED-DI1-MAX6K, Oeabt) was adopted. The PME, a conventional endoscope (JOS00B,
ShenDa) and the experimental endoscope without sapphire window (used as benchmark)
were incorporated to the system for the measurement, and the AFOV's of the endoscopes

were limited to 70°.

17. PIQE

The PIQE is a no-reference image quality metric that mimics human perception for
real-world imagery!'?!. The algorithm divides the input image into non-overlapping
16 X 16 subimages and then extracts the local features for image distortion assessment.
In this work, the PIQE function provided by MATLAB 2022b was adopted to evaluate

the quality of the polarimetric images.

18. Snapshot endoscopic Stokes imaging system

The setup of the system is presented in Figure S19. The illumination light is guided to
the endoscope from the endoscopic cold light source (RFFM-16A5, Rayfine) via a fiber
bundle (495NCSC, Storz), and the illumination light is polarized by a circular polarizer
(CP42HE, Edmund) mounted at the distal end of the endoscope to generate fully
circularly polarized light. The PSA of the system consisted of a coupling lens (AC254-
075-A-ML, Thorlabs), a non-polarizing 50:50 beamsplitter (CCM1-BS013/M,
Thorlabs), a QWP (WP140HE, Edmund), two polarized monochrome cameras
(PHX050S-PC, LUCID) and an endoscope. In the PSA, the coupling lens is placed
behind the proximal end of the endoscope and followed by the beamsplitter. The QWP
is randomly oriented and installed in front of one of the polarization cameras so that all

Stokes parameters can be obtained by one snapshot.

19. Polarimetric endoscopic imaging of the oral vestibule

The snapshot endoscopic Stokes imaging system was applied to measure the



polarization effects of the oral vestibule of a volunteer. The PSA of the system provides

eight analyzer vectors (8 X 4 A) to obtain the 8 X 1 intensity vector:

1=AS (18)

The complete Stokes vector of the light (§) returning from the tissue can be obtained
by inverting equation (18):

S = AT (19)
Like the endoscopic Mueller imaging system, the Mueller matrix of the endoscope (M,)

Must be divided from S to obtain the original Stokes vector (§o) of the light returning
from the scene:

S, = M#§ (20)
For the polarization effects of the oral vestibule, since it typically exhibits mainly linear
retardance and depolarization with negligible diattenuation!'?!; the linear polarized
components of the light are converted by the retardance of the tissue given that the

illumination light is fully circularly polarized. Therefore, the retardance of the tissue

can be obtained by calculating the degree of linear polarization of the light:
R= [s?+5s2/s, 21
Similarly, the depolarization of the tissue can be represented by the loss of degree of

circular polarization of the light:

A=1—|s3l/sq (22)

20. Crosstalk between the co- and cross-polarization channels

The endoscopic polarization-gated imaging system was utilized in the experiment to
demonstrate the crosstalk between the co- and cross-polarization channels caused by
the polarization effects of the conventional endoscope (Figure S1F). In the experiment,
the illumination module of the system generated linearly polarized light (polarization
direction was aligned with the 0° micro polarizers in the polarized color camera). A
type 1 (26003AA, Storz), a Type II (WAS53000A, Olympus) and the experimental

endoscope without sapphire windows (benchmark) were incorporated to the system



sequentially for the experiment, and the endoscopes were adjusted to focus on the
diffuser in the illumination module. The 0° and 90° subimages were obtained as the

co- and cross-polarization images.

21. Measure the polarimetric imaging error depending on the depolarization of the
endoscope

The polarimetric imaging error caused by the depolarization of the endoscope is
measure by the following steps: (1) use the benchtop Mueller imaging system to obtain
the Mueller matrix of the experimental endoscope (M) with the 2 mm C-cut sapphire
window installed at the distal end and illuminated by the white light source (LED-D1-
MAXG6K, Oeabt); (2) decompose the Mueller matrix of the endoscope; (3) create the
index map from the depolarization image that sorts out the points with depolarizations
close to 0, 0.1, ..., 0.7 (within +0.02) in the FOV; (4) calculate the condition number
of the Mueller matrix of each point in the FOV; (5) incorporate the experimental
endoscope to the endoscopic Mueller polarimetric imaging system and measure the
Mueller matrix of the air (i.e. empty field, focused on the diffuser of the PSG, M,); (6)
dividle M, by M. and decompose the resultant Mueller matrix to obtain the
diattenuation, retardance and depolarization of the air (since air has no polarizing
effects, the remaining polarization properties were caused by the endoscope); (7) sort
out the condition number, diattenuation, retardance and depolarization of the air with
the index map, and calculate the average values depending on the depolarization of the

endoscope. The process is presented in Figure S14.

22. The retardance order

The retardance order is a metric used here to assess the centrosymmetric and periodic
retardance effects induced into the FOV by the C- and A-cut sapphire windows of the
endoscopes. To calculate the retardance order, the retardance of the central point of the
FOV was set as 0. The pixelated variation from the center to the edge along the radius
was summed up to obtain the total retardance variation. The retardance order of the

point on the edge is then obtained by dividing the total retardance variation by 2:



ROG) = 5= IRy ~ Rol + 1Ry = Ryl + -+ + 1Ry — Ry @3
where RO(7) is the retardance order of a point on the edge whose relative position to
the central point is denoted by 7, R, denotes the retardance of the nth pixel on the
track from the center to the point on edge, and R, is the retardance of the central point.
Additionally, since the measured retardance patterns were often eccentric, we
calculated the retardance order for every point on the edge and use their mean value as

the final retardance order.

23. Sample preparation for biomedical imaging

In this study, biomedical samples used in the experiments include: (1) a piece of porcine
liver tissue, (2) a lab mouse and (3) the oral cavity of a volunteer. The ex vivo porcine
liver tissue used in the endoscopic polarimetric imaging experiment was commercially
sourced and used as an imaging sample within ten hours after separated from the pig.
The lab mouse used in the surgical smoke removal experiment was an eight-week-old
male ICR mouse that weighted 20-30 g. In the experiment, the mouse was anesthetized
and its abdomen was then cut open for the imaging experiment, and the experiment was
finished within 0.5 hours. The volunteer for oral cavity imaging experiments was a
healthy 31-year-old male. The endoscopes were disinfected beforehand, and the
experiment did not involve any injury, drug or any potentially harmful Method. The
ethics approval for this study was granted by Ethics Committee at Zhejiang lab
(reference number: ZJSL-2022-9).

Supplemental Figures
1. Polarization effects of conventional endoscopes and their influence on polarization-

resolved endoscopy
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Figure S1. Polarization effects of conventional endoscopes and their influence on polarization-
resolved endoscopy. A, Typical design of a conventional endoscope for surgery. B-E, The Mueller
matrices and diattenuation (D), retardance (R) and depolarization (A) images of the conventional
endoscopes from Storz (B ), Olympus (C), ShenDa (D) and Omec (E). The average depolarization of the
central ( A,) and the peripheral (Zp) regions were calculated from the areas inside and outside the inner
dashed circles respectively in the depolarization images. F, The co- and cross-polarization images
obtained by the endoscopic polarization-gated imaging system with the experimental endoscope without
sapphire windows (Benchmark), the Type I (Storz) and the Type II (Olympus) endoscope, and their
average extinction ratios (ER) within the FOV. G, The barchart shows the condition number of the

endoscope Mueller matrices depending on the depolarization level of the endoscopes, and the line graph



shows the corresponding reconstruction errors for diattenuation ( D), retardance (R) and depolarization
(A). The horizontal boxplots indicate the depolarization distributions of the four representative

conventional endoscopes in the FOV.

2. Factors influencing the polarization effects of the conventional endoscopes
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Figure S2. The factors influencing the polarization effects of the conventional endoscopes. A-C.
Polarization effects of the experimental endoscope with the A-, C- and R-cut sapphire windows mounted
at the distal end. D-G. Polarization effects of the experimental endoscope with A- or C-cut sapphire
windows mounted at the proximal end or both ends. In these experiments, the thicknesses of the sapphire
windows were all 1 mm; the light source had 532 nm CWL and 10 nm FWHM, and the AFOV of the
endoscopes was 80°. H-M. The retardance and depolarization images measured from the experimental
endoscope (H) when the C-cut sapphire windows have different thickness (1 mm VS 2 mm), illuminated
by light with 532 nm CWL and 10 nm FWHM; (I) when the C-cut sapphire windows are under different
central wavelengths (435 nm VS 630 nm), 10 nm FWHM, Imm thick; (J) when the C-cut sapphire
windows are under different bandwidth (200 nm VS 0.6 nm), 2 mm thick, 532nm CWL; (K) when the
A-cut sapphire windows have different thickness (1 mm VS 2.8 mm), and illuminated by light with 532
nm CWL and 10 nm FWHM; (L) when the A-cut sapphire windows work under different central
wavelengths (435 nm VS 630 nm), 10 nm FWHM, Imm thick; and (M) when the A-cut sapphire

windows are under different bandwidth (200 nm VS 0.6 nm), 2.8 mm thick, 532nm CWL.

3. Polarization effects of the conventional endoscope depending on the key factors
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Figure S3. Polarization effects of the conventional endoscope depending on the key factors - full
results (part I). Mueller matrices and retardance (R) and depolarization (A) images of the experimental
endoscope when the sapphire window mounted at the distal end and the illumination light were: A, C-
cut, T=0.5 mm, FWHM = 200 nm (white light source); B, C-cut, T = 0.5 mm, CWL = 532 nm, FWHM
=30 nm; C, C-cut, T=0.5 mm, CWL = 630 nm, FWHM = 10 nm; D, C-cut, T = 0.5 mm, CWL = 532
nm, FWHM = 10 nm; E, C-cut, T= 0.5 mm, CWL = 435 nm, FWHM = 10 nm; F, C-cut, T = 0.5 mm,
CWL = 532 nm, FWHM = 0.6 nm; G, C-cut, T = 1 mm, FWHM = 200 nm (white light source); H, C-
cut, T=1mm, CWL = 532 nm, FWHM = 30 nm; I, C-cut, T = 1 mm, CWL = 532 nm, FWHM = 0.6
nm; J, C-cut, T=2mm, CWL =532 nm, FWHM = 30 nm; K, C-cut, T=2 mm, CWL = 630 nm, FWHM

=10nm; L, C-cut, T =2 mm, CWL =435 nm, FWHM = 10 nm.
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Figure S4. Polarization effects of the conventional endoscope depending on the key factors - full
results (part II). Mueller matrices and retardance and depolarization images of the experimental
endoscope when the sapphire window mounted at the distal end and the illumination light were: A, C-
cut, T=2mm, CWL =532 nm, FWHM = 0.6; B, A-cut, T = 1 mm, FWHM = 200 nm (white light source);
C, A-cut, T=1mm, CWL =532 nm, FWHM = 30 nm; D, A-cut, T = 1 mm, CWL =435 nm, FWHM =
10 nm; E, A-cut, T = 1 mm, CWL = 532 nm, FWHM = 0.6 nm; F, A-cut, T =2 mm, CWL = 532 nm,
FWHM =30 nm; G, A-cut, T=2.8 mm, CWL =630 nm, FWHM = 10 nm; H, A-cut, T = 2.8 mm, CWL

=435 nm, FWHM = 10 nm; I, A-cut, T = 2.8 mm, CWL = 532 nm, FWHM = 0.6 nm
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Figure SS. Polarization effects of the conventional endoscope depending on the key factors - full
results (part III). Barcharts of the retardance order (R order) and boxplots of the depolarization (A) of
the experimental endoscope depending on the AFOV when various sapphire windows were mounted at
the distal end and illuminated by light sources with: CWL = 630 nm, FWHM = 10 nm (A,D); CWL =
532 nm, FWHM = 10 nm (B,E); CWL =435 nm, FWHM = 10 nm (C,F); CWL = 532 nm, FWHM = 0.6

nm (G,J); CWL =532 nm, FWHM = 30 nm (H,K); FWHM = 200 nm (white light source, LL).

4. Birefringence of the sapphire and MgF> crystal in visible band
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Figure S6. Birefringence of the sapphire and MgF: crystals. A, The fitted birefringence of the
sapphire crystal depend on wavelength. B, The fitted birefringence of the MgF, crystal depend on
wavelength. C, The birefringence difference between sapphire and MgF, in the visible spectrum. D, The

fitted ordinary refractive index of the sapphire crystal. E, The fitted extraordinary refractive index of the

sapphire crystal.

The birefringence curves of the sapphire and MgF> crystal fitted with data provided by

previous studies!'*""*l in MATLAB 2022b environment. For the birefringence (By),

here we used the absolute value of the birefringence (|Bf| = |n, — n,|) for convenient



comparison of the two types of crystals. The specific values of the graphs in Figure S6

can be found in the source data file.

5. Polarization effects of the conventional endoscope illuminated by light source with
various bandwidths
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Figure S7. Polarization effects of the conventional endoscope (JO800B, ShenDa) illuminated by
light sources with various bandwidths. The light sources include: A, the white light source (FWHM =
200 nm); B, the green LED light source (CWL = 532 nm, FWHM = 30 nm); and C, the narrowband light

source (CWL = 532 nm, FWHM = 10 nm).

6. Specular highlight removal with computation-based methods
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Figure S8. Specular highlight removal results with computation-based methods. A ,F K, The
specular WLE images of the oral vestibule, retromolar trigone and Buccal Mucosa. B,G,L, The

corresponding specular highlight removed images processed with the LDM algorithm. C,H,M, The



corresponding specular highlight removed images processed with algorithm 1. D,ILN, The corresponding
specular highlight removed images processed with algorithm 2. E,J,0, The corresponding specular

highlight removed images processed with algorithm 3.

To compare our PG-WLE with computation-based methods for specular highlight
removal, we firstly compared several computation-based methods and chose the
representative method. In this work, the compared algorithms include the LDM!'®], the
enhanced fast marching inpainting method!!” (referred to as algorithm 1), the
dichromatic reflection model-based multi-resolution inpainting method!'® (referred to
as algorithm 2) and the retinex image enhancement based specular highlight removal

methods!!”! (referred to as algorithm 3).
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7. Full results of the polarimetric endoscopy with the polarization film targets
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Figure S9. Full results of the polarimetric endoscopy with polarization film targets. A-B, The LP

0

film target (A) and the quarter waveplate (QWP) film target (B) imaged by the endoscopic Mueller
polarimetric imaging system with the experimental endoscope without sapphire windows. C-D, LP (C)
and QWP (D) film targets imaged with the PME. E-F, LP (E) and QWP (F) film targets imaged with the

conventional endoscope (JOS800B, ShenDa).



8. Full results of the polarimetric endoscopy with ex vivo tissue
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Figure S10. Full results of the polarimetric endoscopy with the ex vivo porcine liver tissue. A-D,
Mueller matrix (A) and diattenuation (B), retardance (C) and depolarization (D) images obtained by the
endoscopic Mueller imaging system with experimental endoscope without sapphire windows. E-H,
Mueller matrix (E) and diattenuation (F), retardance (G) and depolarization (H) images obtained with
the PME. I-L, Mueller matrix (I) and diattenuation (J), retardance (K) and depolarization (L) images

obtained with the conventional endoscope (JO800B, ShenDa).

9. Full results of the polarimetric endoscopy with oral cavity in vivo



m

Experimental endoscope without sapphire

9}

[®]
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Figure S11. Full results of the polarimetric endoscopy with oral cavity in vive. A-F, The Stokes
parameter (Sy-S3, A-D), retardance (E) and depolarization (F) images of the oral vestibule obtained by
the snapshot endoscopic Stokes imaging system with the experimental endoscope without sapphire
windows. G-L, sy-s3 (G-J), retardance (K) and depolarization (L) images obtained with the PME. M-
R, sy-s; (M-P), retardance (Q) and depolarization (R) images obtained with the conventional

endoscope. The green lines in the image circle out the invalid specular highlight areas.



Stretched

Relaxed

0

Figure S12. Full results of the polarization properties of the oral vestibule obtained by the snapshot
endoscopic Stokes imaging system with the PME when it is stretched and relaxed. A-G, s,-s; (A-
D), intensity (E), retardance (F) and depolarization (G) images of the stretched oral vestibule. H-N, s,-
s3 (H-K), intensity (L), retardance (M) and depolarization (N) images of the relaxed oral vestibule. The

green lines in the image circle out the invalid specular highlight areas.

10. Benchtop Mueller imaging system setup
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Figure S13. The benchtop Mueller polarimetric imaging system setup.

11. Endoscopic polarimetric imaging error depending on the depolarization of the
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Figure S14. The endoscopic polarimetric imaging error depending on the level of depolarization of
the endoscope. A, The system setup for the experiment. B, The Mueller matrix of the air (M,) measured
by the endoscopic Mueller imaging system. C, The Mueller matrix of the experimental endoscope (M)
measured by the benchtop Mueller imaging system. D, The reconstructed original Mueller matrix of the
air (M,). E, the depolarization image of the endoscope. F, An index map example (red dots indicate
points where depolarization are close to 0.6) calculated from the depolarization image of the conventional

endoscope. G-I, The diattenuation, retardance and depolarization images calculated from the original



Mueller matrix of the air (M,). J, the condition number (CN) image of the conventional endoscope. K,
Graph of CN and errors in the reconstructed diattenuation, retardance and depolarization depending on

the depolarization of the endoscope.

To obtain the endoscopic Mueller imaging error depending on the depolarization of the

endoscope, we measured the Mueller matrix of the air (M,, Figure S14B) using the

endoscopic polarimetric imaging system with the experimental endoscope. The system
setup is present in Figure S14A. The endoscope had the 2 mm C-cut sapphire window

mounted on the distal end and the AFOV is restricted to 70°, and the white light source

is adopted in the PSG of the system. To reconstruct the original Mueller matrix of the

air, we also measured the Mueller matrix of the endoscope (M., Figure S14C) with the

benchtop Mueller imaging system. The original Mueller matrix of the air (M,, Figure

S14D) was then calculated by

M, = MM/

Since the depolarization of the endoscope with the C-cut sapphire window in the FOV

is radially increased (Figure S14E), the measurement error with the increasing

depolarization can be obtained within the FOV of the experimental endoscope.

Therefore, we calculated the index map (Figure S14F) from the depolarization image

of the endoscope that labels the points with depolarization close to 0, 0.1, 0.2, ..., 0.7

(within +0.02). With the index map, we then address the corresponding values in the

diattenuation (Figure S14G), retardance (Figure S14H) and depolarization (Figure S141)
images decomposed from the original Mueller matrix of the air and the CN image of
the endoscope (Figure S14J). The final results were then obtained by calculating the

average value of the addressed data.

12. Angular setup in the simulation study
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Figure S15. Angular setup for the OA and rays in the simulations. A, The azimuth (6) and zenith (¢)

angle describing the OA direction of the sapphire window. B, The direction of the incident primary rays
depending on the AFOV of the endoscope. C, Azimuth angle of the rays at the entrance pupil. D, Zenith

angle of rays at entrance pupil.

In the simulation, we assumed the surface normal of the sapphire window to be along
the z-axis direction and defined the direction of the OA and rays by their zenith angle
(¢, Figure S15A) with respect to the z-axis and the azimuth angle in x-0-y plane with
respect to x-axis (6, Figure SI5A). The AFOV of the endoscopes was assumed as 80°
and the primary rays thus had a zenith angle of 40° at the edge of the FOV (zenith
angle a=AFOV/2). For the entire field of the incident primary rays, their incident
directions were set with azimuth angles rotating around the z-axis and zenith angles

varying from 0° to 35° from the center of the field to the edge.

13. Spectra of the light sources
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Figure S16. The spectra of light sources used in this study. The light sources include: A, The white
light source (LED-D1-MAXG6K, Oeabt); B, the green LED light source (HI-080, HengYang); C, the
single longitudinal mode laser (opus 532, Novanta Photonics); D-E, the narrowband light sources
constructed by the white light source and the bandpass filer BP630-10nm (D), BP532-10nm (E),

BPH435-10nm (F); and G, the endoscopic cold light source (RFFM-16A5, Rayfine).

14. Endoscopic polarization-gated imaging system setup
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Figure S17. The endoscopic polarization-gated imaging system setup.



15. Endoscopic Mueller polarimetric imaging system setup
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Figure S18. The endoscopic Mueller polarimetric imaging system setup. The system is operated in

the transmission mode to measure the polarization properties of the polarization targets (A), and in the

reflection mode to measure the ex vivo porcine liver (B).

16. The snapshot endoscopic Stokes imaging system
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Figure S19. The snapshot endoscopic Stokes imaging system setup.
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