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Interdisciplinary approaches based on imaging radar enable
cutting-edge cultural heritage applications
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Heritage assets reflecting memories of
the past are increasingly sustained by so-
cieties as a necessary condition for the
continuing evolution of people’s culture.
The call for ‘strengthening efforts to pro-
tect and safeguard the world’s cultural
and natural heritage’ in United Nations
Sustainable Development Goal (SDG)
11 [1] is a clear acknowledgement of
the role of heritage in sustaining resilient
societies and lifestyles.

To understand and safeguard irre-
placeable cultural assets, archaeological
prospection and heritage preservation
are two interconnected and essential re-
search domains. Prospection aims at ar-
chaeological discovery and documenta-
tion, to bring back to light buried and
hitherto unknown structures, antiqui-
ties and even extensive paleo-landscapes.
Preservation orients us to prevent fur-
ther deterioration and to design conser-
vation measures to enhance heritage sus-
tainability bymonitoring the conditionof
heritage assets through time. Both ar-
chaeological investigation and heritage
preservation include the use of all possi-
ble invasive and non-invasive means.

Over the last few decades, an increas-
ing number of technologies have been ap-
plied to facilitate sustainability goals of
cultural heritage [2,3], and among them
remote sensing is recognized as a viable
tool [4] owing to its capacity for non-
invasive, multi-scale observations and
measurements over large territories. Op-
tical methods have been widely used be-
cause the data are intuitive and usually

easy to interpret. As a complementary
tool, imaging radar has emerged as an
effective means for systematic and con-
tinuous long-term remote observations
of cultural heritage to improve docu-
mentation, monitoring, preservation and
management.

Imaging radar includes airborne/
spaceborne Synthetic Aperture Radar

(SAR), Ground Penetrating Radar
(GPR) and Ground-Based SAR (GB-
SAR), whose operation characteristics
are generally diverse but comple-
mentary, depending on their peculiar
observation capabilities coupled with
investigation needs and scales (Fig. 1).
Following a holistic approach, the usage
of these different instrumentations
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Figure 1. Framework of multi-platform imaging radar in cultural heritage applications with com-
plementary observation views and monitoring scopes.
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should be conceived according to a
multi-sensor/data and multi-scale per-
spective, although constraints due to
data and instrumentation accessibility
(e.g. lack of funds) may prevail in some
circumstances.

Across large landscapes, satellite SAR
imagery is capable of revealing ancient
drainage patterns [5], palaeo-channels
and other human traces. Confidence
in the observed archaeological traces
improves as imaging resolution from
satellite or aircraft increases. Then
archaeological remains can be further
detailed using geo-archaeology tools and
close-range remote sensing methods,
including GPR (in use for over three
decades) to explore anthropogenic layers
and determine their depths [6]. Hence,
such a multi-scale SAR-GPR integrated
approach could be effective for archae-
ological site detection across palaeo-
landscapes (Fig. 1). In this domain,
SAR investigations proved successful,
especially for analysing cause-effect
mechanisms between backscattering sig-
nals and archaeological proxy indicators,
linked to micro-topographical variations
and changes in moisture content.

The benefits brought by technology
integration are particularly relevant in the
desert and semi-arid regions, where op-
tical remote sensing is limited, whereas
SAR can offer large-scale imaging, sub-
surface penetration and effective feature
discrimination. Moreover, today a huge
amount of satellite SAR data can be
promptly processed using cloud tools
(also available as open-access tools such
asGoogle EarthEngine) to automatically
identify archaeological traces, using ar-
tificial intelligence as machine and deep
learning approaches [7]. After that, in-
depth archaeological investigations need
to be implemented at the site level, or
even in specific subzones of archaeolog-
ical interest, using high-resolution SAR
products and GPR subsurface imaging.
TheperformanceofGPRprospection in a
dry-arid environment is maximized when
soil moisture is low and the penetration
of radar signatures is enhanced.

Moreover, being sensitive to subtle
motions, spaceborne Multitemporal
SAR Interferometry (MTInSAR) is
recommended for monitoring purposes.

MTInSAR detects millimetric deforma-
tion anomalies at the cultural-monument
scale [8], providing early-warning sig-
nals for identifying zones of structural
instability at individual monuments
which could then be monitored using
the 2D-static (motion) measurements of
GB-SAR [9]. Details on issues affecting
monument components can be further
clarified using the health diagnosismodel
of portable GPR, which helps identify
structural fissures or cavities [10]. The
integrated use of MTInSAR–GB-SAR–
GPR does improve the resolution and
provide multi-scale/level information
ranging from the identification of cracks
and deformations of masonry structures
and artefacts, to the detection of fresco
detachment or the identification of the
diverse construction phases/techniques
of monuments and works of art (Fig. 1).

A dedicated literature reviewbased on
the Web of Science database reveals a
clear but uneven increase in the use of
imaging radar technology in cultural her-
itage management over the last 30 years;
from the first publication in 1992 to
∼40 papers/yr between 2015 and 2020,
with >80% publications focusing on
GPR-based case studies. Surprisingly, de-
spite the intrinsic complementarities, the
integrated use of GPR, GB-SAR and
airborne-satellite SAR is rare. It is also re-
vealed that collaboration had become a
necessary condition for interdisciplinary
heritage studies, particularly in complex
landscapes and situational contexts that
call for knowledge and expertise from
scientists, engineers and other stake-
holders. Institution-level cooperation has
become a mainstream trend in scien-
tific and industrial communities in or-
der to achieve benefits through in-depth
theoretical investigations and technical
applications.

A viable pathway could be the design
of pilot projects enhancing trans- and
interdisciplinary collaborations at the in-
ternational level, as already experienced
in the past in the framework of theUnited
Nations Educational, Scientific and
Cultural Organization (UNESCO) and
European Space Agency (ESA) Open
Initiative, which focused on ‘the Use
of Space Technologies to Support the
World Heritage Convention’.

Launch and enlargement of such
initiatives would be welcome, to provide
an optimum platform on a worldwide
scale for building case studies on digital
heritage applications using integrated
imaging technologies (with particular
emphasis on radar). A partnership with
international organizations, including
UNESCO’s Category 1 and 2 centres
and institutes, is proposed. It contributes
to the execution of UNESCO’s pro-
gramme and addresses the gap of Tier III
SDG indicators (i.e. 11.4.1) byway of the
InternationalCentre onSpaceTechnolo-
gies for Natural and Cultural Heritage
(HIST), whose mission is the protection
and safeguarding of cultural and natural
heritage.
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Super pathogens from environmental biotechnologies threaten
global health
Yong Xiao 1, Feng Zhao1, Josep Peñuelas2,3, Qiansheng Huang4 and Yong-Guan Zhu4,5,∗

Microbial pathogens are viruses, bacte-
ria, fungi and protozoa infecting humans,
animals or plants. Super pathogens (also
known as superbugs) able to resist mul-
tiple antimicrobials and cause fatal infec-
tions have been increasingly considered
an emerging threat to global health [1].
The COVID-19 pandemic has caused
more than3.8milliondeaths as of 15 June
2021, reminding us thatwe should always
be alert to the next pandemic caused by
super pathogens. We know little, how-
ever, about the origin and transmission
of super pathogens in the environment.
Among the various potential sources of
super pathogens, special attention should
be paid to environmental biotechnolo-
gies (EBTs) for treating wastewater.

Human activities generate waste-
water, with a global production of
∼330 km3/year [2], that contains heavy
metals, carbohydrates, antimicrobials
and pathogens polluting the environ-
ment and spreading diseases. Various
methods have been developed to purify
wastewater, but EBTs are the most com-
mon ones because they use microbes
to degrade pollutants economically, i.e.
at a cost of <0.1 US$/m3 municipal
wastewater in China.

EBTs are valuable for purifying
wastewater, but they carry a risk of in-
cubating and releasing super pathogens.
Millions of microbial species exist in

EBTs, many of which are pathogens
playing important roles in degrading
pollutants [3]. EBTs, e.g. municipal
wastewater-treatment plants, have been
widely reported as hotspots of pathogens
and antimicrobial resistance genes
(ARGs) [4]. During long-term use of
EBTs, pathogens can evolve to resist
multiple pollutants, which unfortunately
enhances their resistance to antimi-
crobials, because microbes use similar
strategies to resist antimicrobials and
toxic pollutants such as heavy metals
[5]. Microbial genes can also be trans-
ferred between microbes [6], enabling
pathogens to acquire new ARGs from
others to become super pathogens.
Furthermore, traditional disinfection
can also increase the spread of ARGs
between different microbes.

Fecal coliforms or Escherichia coli
are widely used microbial indexes for
the discharge of treated wastewater, e.g.
100–10 000 colony-forming units/L in
some countries. The abundance of fecal
coliforms in EBTs is low, e.g. <0.22% in
most wastewater-treatment plants [3],
suggesting that a substantial volume
of other microbes, including super
pathogens, is released to the natural
environment and then spread around
the world by human activities [7]. For
example, super pathogens that produce
New Delhi metallo-beta-lactamase 1

(NDM-1) conferring resistance to mul-
tiple antimicrobials are spread to rivers
via effluent from wastewater-treatment
plants lacking proper sanitation [8]. Su-
per pathogens from EBTs can be trans-
ferred to humans mainly via acciden-
tal contact with reclaimed water and
bioaerosols from EBTs and foods con-
taminated by EBT effluent. We therefore
call for close cooperation between the re-
search community, industry and govern-
ment to reduce the threat to global health
caused by super pathogens from EBTs
(Fig. 1).

‘Know yourself and know your en-
emy, and you will never be defeated’, as
said in Sunzi Bingfa (The Art of War).
First, wemust better understand the evo-
lution of super pathogens in EBTs on
a global scale. Many studies have inves-
tigated the dynamics of ARGs in the
ecosystem, but little is known about su-
per pathogens. Monitoring the emission
of super pathogens from EBTs and track-
ing their fates in various environments
is important for evaluating their risks to
human health. Such research can inform
the public with regard to avoiding en-
vironments and products contaminated
by EBT effluent, and most importantly,
can support governments to appropri-
ately supervise the EBT industry. High-
throughput sequencing of nucleic acids
provides community-level information,
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