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A B S T R A C T

Robust environmental management is based on evidence of ecosystem health and anthropogenic harms gleaned
from successful environmental monitoring. Successful monitoring involves the synthesis of observations from a
variety of sources to represent a site in its current and past states, the anticipation of future conditions, and
communicate the findings to decision-makers for environmental management and other stakeholders; a lack of
such synthesis and communication has been identified as a shortcoming in Environmental Impact Assessment.
However, a suitable digital platform for this synthesis and communication has not yet been developed. Digital
twins, an approach from engineering, may offer a solution with advantages over other approaches traditionally
employed in ecosystem monitoring. Here a process and considerations for conducting the use case analysis of a
digital twin for environmental monitoring is presented, including identifying users, establishing their re-
quirements, refining use cases based on data practicalities, planning analyses and data/model integrations, and
developing the user interface. The process is demonstrated using a case study, developing use cases for an
ecological digital twin of a UK Marine Protected Area, which could be generalised as use cases for a digital twin
for ecosystem monitoring of a conservation area. Considerations for constructing a digital twin based on these
use cases are discussed, including the practicalities of using remotely-sensed biological data; gaps in the scien-
tific, technological and data management capabilities; the role of expertise in adding value beyond simple data
collation data; and federation of digital twins. Finally, challenges and benefits to using a digital twin approach to
informing conservation management are summarised.

1. Introduction

Environmental and ecological monitoring are critical for under-
standing the health of our planet and anthropogenic harms to facilitate
robust evidence-based management; they are also a legal requirement
for conducting industrial activities in many jurisdictions and necessary
for meeting UN Sustainable Development Goals (United Nations Envi-
ronment Programme, 2019). Such monitoring involves the synthesis of
environmental observations (sometimes in combination with social and
cultural data) from a variety of sources to represent a site in its current
and past states, and anticipate future conditions. These syntheses pro-
vide the evidence base for decision making, important for directing
conservation efforts (Sutherland et al., 2004); improving monitoring
survey effectiveness and efficiency (Lindenmayer and Likens, 2010;
McDonald, 2003); planning industrial, commercial, or agricultural ac-
tivities as part of Environmental Impact Assessment (Durden et al.,
2017b); and anticipating impacts of climate scenarios (Callaghan et al.,
2021). Thus, successful environmental monitoring involves both con-
ducting the data syntheses and communicating the findings to

decision-makers. Indeed, regulators have identified these aspects as
lacking in evaluating Environmental Impact Assessments (Clark et al.,
2020). While substantial effort has been invested in developing standard
metrics for evaluating ecosystem health (e.g., Essential Biodiversity
Variables; Pereira et al., 2013), a suitable digital platform for (a) syn-
thesising the variety of data across space, time and other perspectives in
comparison to thresholds, (b) evaluating future scenarios, (c) optimising
monitoring design, and (d) communicating findings to decision-makers
has not been developed.

A ’digital twin’ may provide such a platform. It is a concept that
originated in engineering projects, where a digital representation of a
physical object is used to simulate and optimise design options, by
incorporating observational data along with modelling and projections
related to scenarios. The idea of applying the digital twin approach to
environmental evaluation and decision-making has been mooted
conceptually (Blair, 2021; Klippel et al., 2021) and at broad scales,
related to Earth system and oceanographic applications (Bauer et al.,
2021; Chen et al., 2023), agriculture and land degradation (Purcell et al.,
2023; Pylianidis et al., 2021), and related to ocean sustainability
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(Tzachor et al., 2023, 2022). The digital twin approach is viewed posi-
tively for its facility to integrate varied environmental data and AI
techniques, the potential for dynamic updating with real-time data (de
Koning et al., 2023), the potential to address anthropogenic impacts
including climate change and pollution (Purcell et al., 2023; Tzachor
et al., 2023), and their power to improve corporate social responsibility
(Xu et al., 2023), but detail on the application of digital twins to envi-
ronmental and ecosystem monitoring, particularly in scoping them at a
local scale, is lacking.

The digital twin approach has advantages over other approaches
traditionally employed in environmental and ecosystem monitoring.
Spatial management often uses geographic information system-based
collation and representation of data; while this presentation perspec-
tive is intuitive given the geospatial nature of much environmental
monitoring data, the approach can miss out important syntheses
(particularly those of a non-spatial nature), often focuses on observa-
tional data and lacks functionality for scenario testing (except state-and-
transition simulation models; Daniel et al., 2016), may not present
univariate / multivariate / qualitative data well, may not combine or
connect different types of data or projections (e.g., interdisciplinary
observations, modelling-based outputs), and is data-focussed rather
than focused on the key metrics for decision-making. Ecological models
of many types can be used as a premise for ecological monitoring (Getz
et al., 2018; Jørgensen, 2008), but tend to be specialist, focus on a single
functional aspect (e.g., stocks and flows) or one scale (e.g., population,
community or ecosystem), lack a user interface to deliver metrics to
non-specialist decision-makers, and lack the flexibility to facilitate
investigation of the underlying survey data in an accessible view. A
well-designed digital twin would combine the strengths of both of these
approaches, potentially combining observational data with functional
modelling (potentially from multiple types of ecological model) and
scenario testing, along with an accessible user interface for
non-specialist stakeholders and decision-makers (Tzachor et al., 2023).
Another key aspect of digital twins is the opportunity for ‘federation’, or
connecting interoperable digital twins, which could also allow for
ecological monitoring at a wider scale or meta analyses by connecting
digital twins of similar types (e.g., over countries, across major
geographic features, or across sites from a particular industry), or allow
more robust forecasting by connecting digital twins modelling or
generating future scenarios for environmental parameters with others
focused on monitoring sites (e.g., examining impacts of future climate
scenarios or management actions). The key to achieving a useful digital
twin for informing monitoring decisions is scoping it appropriately, a
process known as ‘developing use cases’, but this process has not yet
been defined for this application of digital twins. Similar to scoping any
model, developing use cases for digital twins for environmental and
ecological monitoring involves understanding the wide variety of po-
tential users and their needs, and consideration for the expert input
required, data needs, analyses and synthesis, and presentation necessary
to address users’ needs. While some uses cases have been identified in
discussing the application of digital twin approach to environmental and
ecological monitoring, no process for conducting a use case analysis has
been presented.

In scoping a digital twin, use cases must be feasible and address a
decision-making need. One challenge to use case feasibility lies in the
data logistics. Environmental data are high in variety (Blair, 2021;
Durden et al., 2017a), involving a mixture of data types and scales,
including biological data (e.g., organismal, sequencing, observational),
environmental parameters (e.g., habitat conditions, physical / chemical
/ geological / atmospheric / oceanographic parameters), functional or
mechanistic linkages, socioeconomic data, and regulatory information;
these data occur in multiple dimensions, which presents scientific and
technical challenges for integration (e.g., Wicquart et al., 2022). Some
data types and historical monitoring data may not be in a digital format,
precluding their use in digital twins, though efforts to digitise or rescue
valuable historical monitoring datasets are underway (Bledsoe et al.,

2022). The uptake of remote sensing for ecosystem monitoring increases
the volume of observational data suitable for integration into a digital
twin, particularly by increasing the spatial reach and frequency of ob-
servations in a digital format, and present opportunities for data gen-
eration using AI (e.g., Christin et al., 2019; Høye et al., 2021). This
presents challenges for use in a digital twin which are common to Big
Data in ecology (Fan et al., 2014; Hampton et al., 2013; Howe et al.,
2008; Soranno and Schimel, 2014), such as the lack of data standards
which enable data to be Findable, Accessible, Interoperable or Repeat-
able (FAIR data standards; Wilkinson et al., 2016), though efforts to
develop the necessary standards are ongoing (e.g., Durden et al., 2024;
Fegraus et al., 2005; Horton et al., 2021; Schoening et al., 2022). Similar
challenges were found in developing digital twins for global ocean ob-
servations (Snowden et al., 2019) or using Earth observations and
physical parameters (Li et al., 2023), suggesting some potential ways to
overcome them (Trantas et al., 2023), albeit with less data variety and
less variety in desired output metrics for the use cases. Regardless of the
anticipated solutions, the challenge of data logistics is an important
consideration in developing the use cases for digital twins for environ-
mental and ecological monitoring.

Here a process and considerations for conducting the use case anal-
ysis (or scoping) a digital twin for environmental and ecological moni-
toring and management is presented, including identifying users,
establishing their requirements, and refining use cases. The process is
demonstrated using a case study, where it is applied to developing use
cases for a pilot digital twin of a UK Marine Protected Area. The use
cases developed in this case study present a set of generalised use cases
for a digital twin for ecosystem monitoring of a conservation area. The
practicalities of using remotely-sensed biological data to address the use
cases are assessed, and gaps in the scientific, technological and data
management capabilities required to integrate such data into a digital
twin are identified. The role of expertise in delivering use cases that add
value beyond simply collating data, and federation of environmental
digital twins are discussed. Finally, benefits to using a digital twin
approach to informing conservation management are summarised.

2. Method – A process for use case development for digital twins
for environmental management

2.1. Define users and aims

The first step (Fig. 1) is to define the users or target audience for the
digital twin – who will use it and what are their main aims? This could
simply be defined as whomever is commissioning the digital twin, for
example an environmental regulator monitoring the impact of conser-
vation measures or an industrial company reviewing their environ-
mental performance. Although the decision makers are the most obvious
users, other users could be included for collaborative decision making
and/or communication, for example including all stakeholders involved
in the consultation for an environmental impact assessment or conser-
vation area management planning process. A broad set of potential users
could include regulatory bodies, government agencies, scientists, com-
panies, industry bodies, environmental consultancies, non-
governmental organisations, local community organisations, the pub-
lic, and users of connected or related digital twins. The main aims of
these users (and their detailed needs; see below) may be determined
through active engagement (e.g., meetings, workshops, surveys, etc)
with them, or from consulting regulatory, legal or governance docu-
ments produced or provided by them. The users’ aims will imply con-
straints on the location, spatial / temporal extent and resolution of the
digital twin. For example, confined to a conservation area / region or
proposed industrial site, and assessing ecological change over a partic-
ular period or from a specified activity.

Monitoring of conservation areas typically aims to answer the
following questions, sometimes in consultation with stakeholders:
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1) What is the condition of the site or area? Is it changing, and if so,
how?

2) Are the conservation measures working?
3) What might the future condition(s) of the site be?
4) How might alterations to the conservation measures impact the

condition of the site in the future?
5) How can monitoring be conducted more (cost) efficiently, given the

existing knowledge of the site?
6) How might stakeholder concerns be addressed, and what impact

could those measures have to the site condition?

Preparation for an environmental impact assessment of a proposed
industrial activity generally seeks to answer the following questions, and
to communicate the findings with stakeholders:

1) What is the condition of the site, and what are the types and mag-
nitudes of natural variability?

2) How might proposed industrial activity impact site conditions? Are
the magnitudes and types of impact significantly different to natural
variability?

3) How could proposed mitigations or management actions change
those impacts to the site?

4) How could environmental impacts of the proposed industrial activity
be effectively and efficiently monitored during and after the activity?

5) How might stakeholder concerns be addressed, and what impact
could those measures have to the site condition?

2.2. Define user needs and use cases

The next step is to define the specific needs of the users and any
associated drivers (Fig. 1). Consider the specifics of decisions to be
made, the basis or requirements for those decisions, such as applicable
regulations, thresholds, metrics, criteria or tests, and details of scenarios
that might be tested. The basis for these specific use cases may be reg-
ulatory requirements or derived from an ecosystem-based management
approach (Tallis et al., 2010). Connections to other digital twins or
interoperability with models should be considered; for example, with
digital twins to assess future climate scenarios (Voosen, 2020), with
models of contaminant plume spread, with ecosystem models, or with
digital twins of monitoring equipment such as autonomous vehicles. The
specific user needs should be defined in terms of questions that the
digital twin could address through the presentation and/or analysis of
data. These desired use cases may be revisited, with target users and
aims adjusted, to arrive at a set of achievable use cases.

2.3. Consider data requirements and practicalities

This step defines what parameters, data and analyses are required to
serve the use cases, and the assumptions and expertise required to
produce useful metrics and syntheses (Fig. 1). Consider which data may
be important for addressing user needs, such as observational and
empirical data, and model outputs; parameters representing physical,
chemical, biological, geological, geographic, atmospheric, oceano-
graphic, socioeconomic, and/or regulatory aspects (both natural and

Fig. 1. Steps to defining the use cases (scoping) a digital twin for environmental management and monitoring.
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anthropogenic); and metadata such as locations, dates, times and quality
markers. Consider what data are available in a digital format, whether
the data meet FAIR data standards, and whether they require any
constraint based on expert knowledge. For example, a global dataset of
observed presence of organisms may need to be constrained to only
those taxa relevant to the site or conservation aims; integration of
similar data collected with different equipment or in different units may
require expertise to reconcile. The scales of datasets, whether spatial,
temporal or other scale, and the ability to integrate across those scales
should be considered both within and across parameters. The quantity
and quality of data should be sufficiently robust to satisfy any statistical
requirements of the use cases. Datasets may have a variety of sources,
including publicly-available repositories, institutional repositories,
commercial or industry sources, and local indigenous sources; data may
be subject to licensing or access constraints. In considering the data
availability and practicalities, the use cases may need to be revisited and
refined, potentially removing or reframing those that are currently
impractical. Finally, consider how future data to be collected will be
integrated, what implications this may have to the use cases and tech-
nical implementation, and whether there will be feedback between the
environmental conditions, monitoring equipment and the digital twin.

2.4. Plan analyses to deliver use cases

Use cases may require calculations, analyses or statistics to deliver
the required metrics, and/or the integration of data with models, and
these analyses should be planned as part of the use case development
(Fig. 1). Analyses may draw on existing or bespoke analytical programs,
packages or code, applied to the available data. Expertise may be
required to appropriately constrain the data or ensure that analyses are
applied where statistical assumptions are met to deliver meaningful
outputs rather than allowing spurious ones; for example, data collection
methods and units may need to be aligned, data as stored in repositories
may need to be aggregated into sample units of appropriate size for
statistically-robust analyses, or organism identifications may need to be
aligned (e.g., taxonomically or functionally) across datasets. This
necessarily requires consideration for the level of processing or analyses
required prior to data input into the digital twin, that is, whether the
base data are raw or summarised, and whether calculations, analyses, or
data extraction (e.g., using AI) occur within the digital twin. Any user
inputs or interaction with the digital twin should be planned, along with
identifying issues of potential scale mismatches between datasets which
may preclude analyses to address the use cases.

2.5. Design presentation of the use cases in a user interface

The use cases should be considered in terms of their presentation in
the digital twin, including visualisation and the user interface that does
not require expertise (Fig. 1). Pertinent advice comes from a recent study
examining digital twins for the brownfield sector, which suggested that
the presentation of the digital twin should be visual, intuitive and
interactive, while communicating costs, risk and uncertainties
(Hammond et al., 2023). As the primary drivers behind the digital twin,
the use cases should be in a format or interface that is accessible to the
users, and the user interface for the digital twin should be centred on
them (rather than on the data). As some ecosystem metrics or indicators
are geospatial, the digital twin interface may have a base interface with
a geographic information system feel, but in order to provide the
meaningful information for decision makers, the structure of the digital
twin interface should make the use cases obvious. The analyses or
computations performed on the data may have qualitative and/or
quantitative results, univariate or multivariate results, may involve
statistical tests, may be spatial or temporal in nature, may identify
patterns, and may be compared with criteria or metrics as part of the use
case; thus, they are likely to involve different presentations to be
effective. Consider the presentation of scenario testing and any user

interaction, along with users’ level of environmental knowledge, man-
agement expertise and computer literacy / programming knowledge.
The interface design should also include ways for users to examine the
underlying data and models; to understand any assumptions, decisions,
or constraints imposed on the data; and the magnitudes of confidence
and uncertainties in delivering the use cases.

3. Results – A case study of use case development for monitoring
a Marine Protected Area

3.1. Users and aims

The main aim was to create a pilot digital twin for the Greater Haig
Fras Marine Conservation Zone (jncc.gov.uk/our-work/greater-haig-
fras-mpa/), a Marine Protected Area (MPA) that protects approximately
2000 km2 of seabed in the Celtic Sea west of England. It includes the
Haig Fras rocky reef in the Celtic Sea that was designated as a Special
Area of Conservation in 2008 (jncc.gov.uk/our-work/haig-fras-mpa/),
and the surrounding seabed with substantial areas of mixed rock-
sediment habitat. Conservation of the site is monitored by the Joint
Nature Conservation Committee on behalf of the UK Government.

The main users of the digital twin were the regulator and researchers
that have collected habitat and ecological monitoring data at the site.
Representatives from the Joint Nature Conservation Committee were
interviewed, and documents produced by them detailing the monitoring
aims of the site were consulted (see web links above); their aim is to
monitor conditions at the site. Government representatives and the
public were identified as users whose aims were to view the data for the
MPA and the basic functionality of a digital twin for environmental
monitoring. Other minor users included developers of other digital
twins, whose aim is to explore the federation between environmental
digital twins, and software developers interested in technical aspects of
the backend underpinning the outputs of the pilot digital twin (these
latter technical aspects are not discussed here).

3.2. Specific use cases

The specific use cases were mainly structured around the conserva-
tion aims of the Greater Haig Fras MPA in a document by the UK Gov-
ernment (UK Government Department of Environment and Rural
Affairs, 2016). These aims focus on four types of sedimentary habitat
that are protected features, one habitat feature of conservation impor-
tance, and the Haig Fras rocky reef. The conservation aims require the
monitoring of habitat extents and integrity; biological community
structure (specifically abundance, diversity), function, and composition
in each habitat; and changes over time, including discerning changes
from natural versus anthropogenic processes. Each of these aspects is
addressed in the specific use cases, which are presented in Table 1. Two
main sources of anthropogenic inputs have been identified by the Joint
Nature Conservation Committee: fishing and subsea cables. These in-
dustrial inputs could be considered as part of assessment of the effec-
tiveness of conservation measures to date, and in terms of future
scenarios. These two industrial users were out of scope in terms of
developing specific use cases for their needs, but were considered po-
tential users of use cases already established. A use case to monitor
species of interest was added to understand changes to the seabed
community. Species of interest were identified as either (a) being species
of conservation interest listed in the conservation aims (i.e., sea pens) or
statistically identified as being characteristic of particular seabed habi-
tats from the initial survey (Benoist et al., 2019), or (b) invasive species.

Users from the Joint Nature Conservation Committee identified that
a use case to aid in designing efficient but statistically robust surveys
would be valuable, with decision-making focused on the number of
seabed images required to characterise the benthic communities found
in the different sedimentary habitats on site. A potential future use case
could involve connection to a digital twin of the autonomous vehicle
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Table 1
Specific use cases for the digital twin case study of the Haig Fras Marine Protected Area, a conservation area in the Celtic Sea where benthic habitats and sea pens are
the focus of monitoring. * indicates use case excluded following data logistics analysis.

Use case Users Detail / desired metric Data required Analyses Display

Habitat/biotope
identification,
condition, change

Regulator/
agency, scientist

Determination of habitats/
biotopes (how many, what
type, where are they, are
they the protected features)

Bathymetry / seabed
photograph surveys /
habitat maps with habitats
identified classified

Automated identification and
classification of habitats in
images
Integration of geological /
chemical data

Show locations / extents of
habitats
Show metrics
Show example seabed photos
of each habitat type
Show changes over time
Show comparison of data with
regulated habitat types and
thresholds

Habitat size / distribution
(location, extent)

Habitat distribution modelling

Change in number, types,
distribution over time

 Calculation of change between
time periods (trends, variance)

Status of and changes to
benthic community
structure

Regulator/
agency, scientist

Density, diversity of benthic
community by habitat/
biotope per survey

Seabed image datasets from
across all habitats with
known image areas /
locations
Human-based annotations
for individual-based
biodiversity
Counts and identifications
of organisms in other
sample types (e.g., sediment
cores)

Automated annotations of
organisms in images
Calculations of biodiversity
metrics (density, species
richness, etc.) based on sample
units derived from aggregated
imagery and associated
annotations for each time period
Employ ‘vegan’ ecological
statistics package in R or similar

Show metrics for each survey
and habitat type
Show comparisons between
habitats
Show change(s) over time
Show comparison of data with
regulated thresholds

 Change over time  Calculation of change between
surveys

Identification and
monitoring of species
of interest (species of
conservation interest
and invasive species)

Regulator/
agency, public

Density and distribution of
species of conservation
interest in different habitats

Seabed image locations in
which species of
conservation interest found
Observations of species of
conservation interest in
other datasets

Population size, density in each
habitat, species distribution
models from each survey for
each species of conservation
interest

Show metrics for each species
of interest
Show change in metrics or
presence over time
Show distribution maps in
relation to extent of regulated
conservation area(s)Change over time  Statistical comparisons of above

metrics between time points
yielding trends, variance

Potential detection and
location of invasive species

Observations (location,
number, date) of invasive
species

Challenge: to establish which
species may be invasive, with
few monitoring surveys

Optimisation of survey
design based on
existing site knowledge

Regulator/
agency, scientist

Number of images (or
seabed area coverage by
images) needed per sample
unit

Density and diversity of
organisms in previous
surveys per image, seabed
areas of images

Accumulation curves of density /
diversity

User interaction to alter
desired statistical power of
comparisons
Display of impact of user
inputs on number of sample
units needed

Number of sample units
required

Variation between sample
units from previous surveys
(from use case above)
User selection of statistical
power of comparisons

Statistical power calculation (see
Durden et al., 2016)

Testing effectiveness of
conservation
measures*

Regulator/
agency, scientist

Assess changes to the
conditions of habitats and
benthic biota in relation to
the imposition of
conservation measures

Data from the habitat and
benthic community
assessments above
Locations, dates and natures
of conservation measures
applied
Locations and details of
fishing activities prior to
and since conservation
measures applied; locations
and dates of cable laying

Statistical analysis of changes to
habitat and benthic community
between before/after
conservation measure
implementation (with location
considered, as appropriate)

Show change in parameters
over time, with date of
conservation measures
marked
Show locations of fishing
activities, cable laying and
synoptic observations of
species of interest, and/or
benthic community metrics in
habitats/areas in ecologically-
relevant proximity to
industrial activities

Testing the outcomes of
climate scenarios*

Users of other
digital twins,
regulatory/
agency, scientist

Produce future scenarios of
community structure and
function at the seabed,
including distribution of
indicator species, based on
climate scenarios

Results of community
analysis (above)
Climate data (e.g., sea
surface temperature) for
period of past site
monitoring and future
scenarios, gridded at a
meaningful spatial scale for
the site
Correlative model or
mechanistic understanding
of relationship between sea
surface temperature and
community structure and
function at this site

Calculated changes in benthic
community over time
Challenge: so few time points in
monitoring data resulting in no
understanding or model of
relationship between sea surface
temperature and benthic
community (either correlative or
mechanistic); mismatch in
spatial scales between climate
model outputs and site
observations

Overlay sea surface
temperature scenarios
Show results of future
scenarios of benthic
community structure and
function

Exploration of available
data

Regulator/
agency,

Location / date / extent of
environmental surveys and
observational datasets

Imagery, bathymetry and
observational data with
capture metadata

Calculation of perimeter latitude
and longitudes, earliest and
latest dates per survey

Display datasets as “layers”
similar to GIS presentation for
exploration

(continued on next page)
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conducting a survey, in which the survey design parameters calculated
here could be used in vehicle mission control.

Users desiring to federate this digital twin with other digital twins
were interested in the potential for assessing the role of climate change
in shaping benthic communities at the site. This use case was suggested
to involve accepting the output of a digital twin for climate change in
Europe under development (Voosen, 2020), as future scenario inputs to
this digital twin from which the impacts to benthic communities could
potentially detected, should the relationship between surface ocean
climate parameters and benthic conditions and organisms be
established.

Finally, a use case was defined for communicating important infor-
mation about the site to the public. Many of these specific use cases are
generalisable to digital twins of other conservation areas.

3.3. Data practicalities

The use cases for the digital twin require a variety of observational
data types, including some monitoring data bespoke to the site and some
publicly-available data from external websites. The primary data types
required for this digital twin are remotely-sensed observational data
from monitoring surveys: bathymetry (Zelada Leon et al., 2020), and
seabed photographs (Benoist et al., 2023; Bernardi et al., 2022). Biodi-
versity and habitat data were extracted manually in these images prior
to input to the digital twin, but future digital twins could incorporate
artificial intelligence to generate these data (Høye et al., 2021),

As this is a recently-designated site, there are few monitoring sur-
veys; seabed photographs were captured approximately every 3 years
over a decade using an autonomous underwater vehicle (Benoist et al.,
2019). Biological data (counts, identifications) has been extracted from
the images manually by experts with consistent methods and identifi-
cations. However, these repeated surveys covered only a small portion of
the site (1.9 ha) concentrated in one area away from the rocky reef.
Another, unrepeated, photographic survey (JNCC Offshore Benthic Im-
ages CEND0513) captured sparsely-spaced images across the remainder
of the site, but used entirely different photographic methods, metadata
and habitat and organism naming standards. The integration of this
other survey data was predicated on aligning these metadata (particu-
larly taxonomic identifications) and reducing the method bias between
photographic methods. Secondary data sources to address the use cases
included biological observations from a publicly-available dataset (nbn.
org.uk/the-national-biodiversity-network/archive-information/nbn-ga-
teway/), constrained to the location and to marine organisms, and
publicly-available habitat maps. Although required to address the use
cases, suitable data on local fishing pressure or on installation / main-
tenance of seabed cables were not available, so these use cases were
discounted (denoted * in Table 1).

3.4. Analyses to deliver use cases (Table 1)

Expert input was required to constrain the publicly-available

datasets, to aggregate the observational data into sample units of
statistically-relevant size, and to implement the calculation of ecological
metrics based on those sample units (based on Durden et al., 2016).

3.5. Visualisation and user interface

The use cases suggested that the interface would require a variety of
visualisations (Table 1), including map-based graphics with the ability
to show numerical, qualitative and statistical metrics shown in scatter or
line plots, and descriptions or graphics of assumptions, limitations and
methodologies. The use cases required two types of user engagement
with the interface: one to allow the user to select the time periods of
interest in determining change, and another to facilitate the user
selecting statistical power required in assessing the optimal survey
design. The users desired a “point-and-click” style interface, rather than
one requiring text-based entries or coding.

4. Discussion

The development of use cases for the case study identified some
practical challenges for applying digital twins to environmental moni-
toring. Four major challenges have implications for generating mean-
ingful outputs to address users’ needs, and need to be tackled to
facilitate the wider adoption of the digital twin approach to ecosystem
science, in addition to technical challenges identified by Trantas et al.
(2023):

1) Lack of data in some dimensions at appropriate scales, along with a
lack of monitoring and data standards

The issue of the lack of suitable available data has been identified
in relation to environmental and ecological digital twins (Blair,
2021; de Koning et al., 2023; Tzachor et al., 2023), particularly as it
relates to lack of data meeting FAIR data principles. Lack of digi-
talisation of data is an issue that is common to environmental
restoration, where it also hampers the application of digital twins
(Hammond et al., 2023). Solutions to this issue for digital data
involve the development of data standards along with a shift in data
culture (Durden et al., 2017a). However, the lack of suitable data,
along with ensuring data are of sufficient quality, is a problem for
monitoring and evidence-based management of the environment
more fundamentally, and not just for incorporation into a digital
twin; this is not just a lack of FAIR principles, but a lack of data
collection. Insufficient suitable data precludes the ability to repre-
sent a whole ecosystem, or conduct robust statistics to understand
change, and to separate natural variation from anthropogenic
change; these problems can be solved by implementing an
ecosystem-based monitoring approach (Danovaro et al., 2020), along
with well-designed surveys and monitoring plans (Lindenmayer and
Likens, 2010) and suitable quality standards (Ferretti, 2011). Inter-
national monitoring initiatives are developing data standards
including quality standards (e.g., Miloslavich et al., 2018; Pereira

Table 1 (continued )

Use case Users Detail / desired metric Data required Analyses Display

scientist,
industry, public

Display perimeter of extent of
survey
Display season / year of
observations / samples

Location / type / extent of
modelled data (if any)

Modelled data with location
and extent

Calculation of perimeter latitude
and longitudes, dates of model

Location of seabed features
for conservation

Coordinates from regulator
/ agency



Location of MPA boundaries Coordinates from regulator
/ agency



Communication of
overview of the MPA

Regulator/
agency,
scientist,
industry, public

Key locations and metrics
about the site

From use cases above From use cases above Show locations, photos and
metrics in a compelling way
for non-specialist audience
May need text with site
conservation aims /
description

Seabed photograph
examples

 Selection of photos of habitats,
species of interest
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et al., 2013) as are industries with highly regulated environmental
monitoring. Increases to the quantity, spatial reach, timing and fre-
quency of ecological data collection are occurring with the
increasing use of remote sensing in monitoring (e.g., Latifi et al.,
2023; Willis, 2015), and initiatives to improve best practises and
standards related to its uptake (e.g., Hill and Wilkinson, 2004;
Hitchin et al., 2015; Obura et al., 2019). Regardless, these limitations
of data quantity and quality on the evidence-base must be made clear
to decision-makers by acknowledging them during the use case
development and implementation, and by presenting this informa-
tion in the user interface of the digital twin.

2) Lack of mechanistic understanding of causative relationships be-
tween parameters

The lack of mechanistic understanding of causative relationships,
particularly between biological or ecological parameters is a prob-
lem common to other ecological models (de Koning et al., 2023), and
monitoring and scenario evaluation more generally. This lack of
mechanistic understanding poses challenges for integrating obser-
vational and modelled data, and may obscure or preclude mean-
ingful outputs. Therefore, it is important to develop use cases with
this limitation in mind, particularly to understand where scenario
testing can provide either simply correlation or a causative under-
standing that addresses a user need, and to quantify uncertainties
and confidence levels where relationships are based on models.

3) Substantial software development requirements
The construction of a digital twin that implements the use cases

identified in the case study involves significant software develop-
ment infrastructure investment, which is likely beyond the resources
of many monitoring projects. The scale and nature of software
development required is related to the use cases, data and design
selected, but is likely to require technical skills in scientific data
analytics, model development, data management, user interface
(graphic) design and/or web application development, and a time-
line on the order of several months to develop. One solution to
reduce this barrier could be to develop standard digital twin struc-
tures and interfaces are needed to serve a standard set of use cases for
common applications, for example to support Environmental Impact
Assessments for a particular jurisdiction or industry, or to manage
types or groups of conservation areas. Such standard structures, in
combination with data and monitoring standards, would reduce the
bespoke software development required for a project and so could
facilitate uptake, particularly with government, agencies, or ecolo-
gists with limited software development expertise, and facilitate
federation (for meta-analyses across the jurisdiction or industry).
The set of use cases for ecosystem monitoring for conservation pre-
sented here could be generalised for use in building the needed
standard structures.

4) Substantial maintenance requirements

Once constructed, the digital twin would require substantial effort to
maintain and update it, even in relation to the use cases. The most
obvious updates involve incorporating new observational data, partic-
ularly from new surveys, or updated model inputs, but maintenance
could also include aspects that impact the aims and use cases of the
digital twin and their visualisation. This type of maintenance requires
expert oversight to ensure that the digital twin continues to provide
meaningful outputs; for example, adjusting analyses or metrics to ac-
count for changes to data collection methodology or aligning standards;
adjusting the integration of modelled and observational data as a result
of new mechanistic understanding; altering constraints to externally-
sourced datasets; realigning use cases to updated monitoring re-
quirements, legislation or best practises; or introducing interoperability
with other digital twins. There is also desire for digital twins to incor-
porate dynamic data inputs (e.g., de Koning et al., 2023), which would
require frequent maintenance to ensure that dynamic inputs are
resulting in sensible outputs. Maintenance or updating could be

triggered as part of monitoring review, for example updating data inputs
and synthetic outputs following periodic surveys or as part of a regula-
tory reporting program, updating use cases when regulations change, or
updating software aspects when monitoring methods and instrumenta-
tion alter data types and formats.

5. Conclusions

Digital twins become popular tools across a variety of applications,
including some in ecosystem science, but for these tools to be adopted
widely, the focus should be on the meaning they can provide, not on the
data within them. To centre that focus on meaningful outputs, this paper
presents a process and major considerations for developing use cases for
a digital twin for environmental monitoring. The process is generalised
so that it could be employed in developing use cases for a variety of
applications, including conservation area management, environmental
assessments and management of industrial developments, or long-term
ecological research. The application of this process to developing use
cases for a digital twin for environmental monitoring of a Marine Pro-
tected Area provides a framework for a standard set of use cases for
conservation area management, which could be built into a standard
digital twin structure for this application.

In conducting this use case analysis, several benefits to applying
digital twins to environmental monitoring became apparent:

1) It offers an approach to integrate and synthesise data beyond disci-
plinary siloes to create a concept of the site that facilitates inter-
pretation and meaning.

2) It offers a tool for decision-makers to access and interact with envi-
ronmental data.

3) It is a flexible approach that can accommodate the analysis and
presentation of qualitative information, univariate and multivariate
analyses along with geospatial assessments, and temporal compari-
son, in one platform.

4) It can incorporate existing and developing code-based ecological and
data science analytical tools (e.g., R packages)

5) It offers a tool for communicating issues of ecological importance to
the public, government and other non-scientist stakeholders,
including interactive components that convey the potential out-
comes of different scenarios.

6) It connects environmental ecological data and analyses to others
nationally/internationally and to other data types, accelerating the
bridging of gaps.

7) It facilitates connections with other areas of science / expertise that
could bring important improvements to ecological data handling and
modelling, in turn facilitating making more ecological data FAIR.

8) It can be adapted to incorporate or connect to data pipelines that
incorporate AI to generate biodiversity data, reducing the time from
data collection to the generation and presentation of evidence for
decision-making.
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