
On arriving at work one day last October, 
ecologist Koen de Koning did what he 
often does first thing in the morning: 
he fired up the Crane Radar. The inter-
active web application showed a flock 

of cranes heading his way. Excitedly, he dashed 
outside, looked up and, sure enough, 60 or so 
birds flew past on their migration route south.

The Crane Radar is a digital twin — a virtual 
representation of a real-world entity and a 
relatively new technology in ecology (see 
go.nature.com/46rbkg4). “I’ve definitely seen 
more of the migration because of the radar. 
And I’m learning more about the migration 
patterns as well,” says De Koning, who works 
at Wageningen University & Research in the 
Netherlands and is a keen birder.

In fields such as manufacturing, infrastruc-
ture and health care, the technology has been 
used to model objects from electronics com-
ponents to UK hospital wards and even the 

nation of Singapore.
Their purposes vary. Digital twins can make 

life easier for individual users — Google Maps, 
for example, is continuously updated to help 
drivers to navigate traffic. Other programs 
can predict the effects of climate change on 
cities, plan architecture or simulate surgical 
procedures. HeartNavigator, a software pack-

age from the Dutch health-technology firm 
Philips, can be used to plan heart operations 
such as valve replacements, simulating sur-
gery using various models and sizes of valve 
to find the best fit for a patient.

NASA used what is often considered the first 
digital twin (then called a living model) in 1970 
to work out why an oxygen tank exploded on 
the Apollo 13 lunar mission and to bring the 
astronauts home safely. The agency’s principal 
technologist, John Vickers, coined the term 
digital twin in 2010, a few years after US sys-
tems engineer Michael Grieves formalized the 
concept in a presentation to the manufacturing 
industry when he was co-director of the Project 
Lifecycle Management Development Consor-
tium at the University of Michigan in Ann Arbor.

Over the past decade, there has been a 
marked increase in the development of digi-
tal twins across a range of fields. This is mostly 
because of the increasing availability of data, 
the prevalence of devices connected to the 
Internet of Things (IoT) and the development 
of artificial intelligence (AI) and cloud com-
puting. The global digital-twin market is fore-
cast to grow by more than sevenfold over the 

THE RISE OF DIGITAL  
TWINS IN ECOLOGY
Computational doppelgangers that simulate real-world objects are moving 
from manufacturing to wildlife management. By Heather Richardson
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“It’s a really nice,  
completely closed loop 
where the end user is also 
the data provider.”



next 5 years, according to one report — from 
US$21 billion this year to $150 billion in 2030 
(see go.nature.com/4nctfu2). The fastest 
growth is anticipated in health care, the report 
says, owing to the technology’s potential for 
reducing errors and improving diagnoses and 
surgical outcomes.

For ecologists, digital twins present unique 
opportunities. But there are limitations that 
need to be addressed, from ensuring adequate 
data access to sustainable funding.

Ecological digital twins
Digital twins can be particularly useful for 
studying systems that are changing out-
side historical norms, says Anna Davison, 
who is researching digital twins in ecology 
at Wageningen University & Research. That 
includes how ecosystems react to anthropo-
genic climate change. So it’s perhaps no sur-
prise that ecologists are increasingly using 
digital twins to tackle gaps in biodiversity 
research brought about by ecosystem com-
plexities, ponderous government action and 
a lack of real-time monitoring.

Launched in 2022, the Crane Radar is one of 
four digital twins developed by Wageningen 
University & Research as part of a €300,000 
(US$352,000) project funded by the Euro-
pean Union, called Nature FIRST. It forecasts 
the migration of common cranes (Grus grus) 
across the Netherlands, Belgium, Luxem-
bourg, northern France and northwestern 
Germany, helping birdwatchers and ecologists 
to locate the flocks as they traverse the region.

De Koning says he chose crane migration 
as the focus of his first digital twin because of 
the abundance of data and because it is a rela-
tively simple process to model. He also had a 
personal motivation: “I was always in the wrong 
location or at the wrong place at the time” to see 
the cranes, De Koning jokes. “This model really 
helped me, personally, to see them more often.”

To build a digital twin, scientists first need 
to collect the relevant data for the real-world 
entity, whether that be real-time data from 
IoT devices or historical records. Then they 
must develop algorithms to mimic the behav-
iour of the physical twin and test the model 
— for example, by fitting historical data sets 
to recent ones — before applying the trained 
model to real-time data.

Created over the course of about a year and 
costing roughly €15,000–20,000, the Crane 
Radar uses migration data (sourced from 
Movebank, an online animal-tracking data-
base), real-time sightings by birdwatchers and 
factors such as wind speed and direction of 
flight to estimate where the birds will be within 
the next four hours (K. De Koning Ecol. Inform. 
85, 102938; 2025).

Wageningen researchers partnered with 
Sensing Clues, a conservation technology 
non-profit organization in Amsterdam, to 
transform their models into platforms that 

can be easily accessed and understood by end 
users — members of the public, policymakers 
and other researchers.

Birdwatchers can also log sightings (includ-
ing the location, time, direction of flight and 
number of cranes) through Observation.org, a 
citizen-science platform for biodiversity. The 
crane digital twin updates every minute; the 
website has a slight lag, updating every five 
minutes with a four-hour forecast for each 
sighting.

The Crane Radar has been well received by 
Dutch birders. It receives an average of 100,000 
daily visits during peak migration season in late 
October and early November,  dipping down 
to 1,000 on quieter days. After it was featured 
by Dutch national news, however, more than 
300,000 users engaged with the app each day 
over the subsequent weekend, De Koning says.

“It’s a really nice, completely closed loop 
where the end user is also the data provider,” 
says Davison, who has developed a digital twin 
for the migration of Beluga sturgeon (Huso 
huso) in the Danube River delta.

Modelling ecosystems
A more complex digital twin is being built to 
mirror ecosystems in Doñana National Park in 
southern Spain.

“The park is a key essential biodiversity 
area in Europe – however, it is threatened by 
multiple human activities,” says Maria Paniw, 
a researcher at Doñana Biological Station in 
Seville. Threats include overexploitation of 
water, agricultural development outside the 
park, tourism and climate change. “We wanted 
to understand how all these different factors 

affect the ecosystem in a real-time complex 
setting, not through simple approximations 
based on single species that we typically do 
in ecology.”

The first effort by Paniw’s team models 
interactions between vegetation, rabbits and 
the Iberian lynx (Lynx pardinus), a ‘keystone 
species’ in the park. Its conservation status 
has recently improved — it moved from endan-
gered to vulnerable status last year, thanks to 
efforts to boost its numbers, including pro-
tection of habitat and translocations of the 
animals to expand its genetic diversity.

Alongside a detailed database of lynx 
reproduction statistics and movements (all 
reintroduced lynx have GPS tracking collars) 
and rabbit data from hunting organizations 
and other national parks, the researchers use 
a metric called the normalized difference veg-
etation index. This measures the verdancy of 

landscapes and is constantly updated using 
satellite imagery to assess changes in plant 
density and health. The aim is to show how 
rabbits respond to changes in vegetation and 
weather, and how lynx, in turn, respond to 
changes in rabbit abundance. The findings will 
inform where lynx can be best reintroduced 
into the environment and where they might 
move from those release sites.

“We basically started with part of the system 
that has the most data and the most urgent 
need to get something done,” explains Paniw. 
She hopes that this approach will convince 
park managers of the usefulness of digital 
twins before they build more complex mod-
els. “They need to see value in this.”

Other researchers have built digital twins 
of river systems across Europe, Africa and 
Asia. A digital twin of the River Stiffkey in 
southeastern England was built by regional 
water company Anglian Water and partners 
including Microsoft and the University of 
Suffolk, UK. The aim is to model strategies 
to improve the health and biodiversity of 
the chalk-stream habitat — a rare type that is 
threatened by warming water and pollution. 
Digital twins of the Yangtze River in China and 
parts of the River Douro in Portugal are also 
in development, along with three twins of 
rivers in Kenya.

Rivers are “a rich environment for demon-
strating the viability of these models,” explains 
computer scientist Lawrence Nderu, chair of 
the Department of Computing at Kenya’s Jomo 
Kenyatta University of Agriculture and Tech-
nology near Nairobi. “They are very dynamic.”

Nderu is developing a twin of the Mara River 
basin in Narok County, southwestern Kenya, as 
part of a collaboration between his university  
and the Slovenian space technology organiza-
tion Space-SI in Ljubljana, which builds appli-
cations to acquire satellite data.

The Narok area is hit with periodic severe 
flooding that can be life-threatening. Nderu’s 
team is designing its digital twin to alert com-
munities and authorities to predicted flood-
ing events, integrating data from weather 
stations, soil sensors and satellites, together 
with information about the river system and 
surrounding landscape. That should allow vul-
nerable populations to plan ahead, he says. 
Nomadic herders, for example, can move their 
cattle to higher ground.

“Otherwise, we will always be talking about 
what should have been done, which is always a 
very costly conversation,” Nderu adds.

Twin challenges
That reliance on up-to-the-minute data, how-
ever, reveals a key challenge for digital twins: 
having sensors in the field is one thing, but they 
need to be connected to the Internet for the 
data to be useful. Data quality can be an issue, 
too – De Koning says citizen observations of 
cranes, for example, often include inaccurate 

“You have to plan to  
keep it and maintain it  
for decades, and that 
requires huge investment.”
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time stamps, locations or identification, which 
can muddle the resulting models.

For Nderu, there is also the issue of data 
storage. His digital twins require volumes of 
data — including about 2.5 terabytes of com-
pressed video files per year — that can be costly 
to store in the cloud in Kenya (he estimates 
about US$800 annually). “We are trying to 
approach [cloud] companies like AWS to pro-
vide us with that,” he says.

De Koning says that because digital twins 
are so new, people are often unaware of their 
potential. Scientists need to first explain pos-
sible outcomes before users can express how a 
digital twin could be helpful to them.

Also a challenge, Paniw and Davison say, 
is sustainability — specifically, balancing the 
short-term nature of research funding with 
the length of time it takes to build a digital twin 
and the cost of maintaining it.

A digital twin “takes years to build”, says 
Paniw. “And you have to plan to keep it and 
maintain it for decades, and that requires 
huge investment in infrastructure, in person-
nel costs. Do you know who’s going to maintain 
it? Where are you going to host the models?”

De Koning hasn’t yet secured long-term 
financial support for the Crane Radar, but says 
he intends to “start lobbying at the university 
level”. In his view, universities have a respon-
sibility “to provide the necessary infrastruc-
ture for researchers” to continue their work. 
“I think that’s just a lot easier than depending 
on external organizations.”

Paniw says the Doñana twin cost more than 
€200,000 over four years. It is funded by 
Spain’s national research council (CSIC) and the 

EU’s Momentum programme for developing 
digital talent. Her team also collaborates with 
LifeWatch ERIC — an organization that provides 
research facilities for environmental projects 
— which helps it to build its cyberinfrastructure.

Digital twins are typically multidiscipli-
nary projects, requiring people with varying 
expertise — and collaboration can be easier to 
imagine than to practise. Ecologists might not 
have coding skills, and even if they do, they’ll 
almost certainly need the help of software 
developers to create web interfaces so that 
their work is accessible. Sociologists might 
be needed to guide the use of digital twins 
in certain sensitive or political areas, such as 
human–wildlife conflict, in which community 
involvement is crucial. And in all cases, the end 
users — from members of the public to govern-
ment officials — need to be involved to ensure 
that digital twins are effective and useful.

In a Nature commentary about the Yangtze 
River digital twin earlier this year, a group of 
authors led by Xiaopeng Wang lamented the 
lack of a physical or virtual space for collabo-
ration (Nature 639, 303–305; 2025). “A vibrant 
online forum is essential,” they wrote, but 
“there is no such place that supports the full 
spectrum of services for developers working 
on the Smart Yangtze River Project, including 
knowledge sharing, online learning and career 
advancement. There should be.”

Engaging the end user
In Bulgaria, a digital twin called the Human–
Bear Conflict Radar has been deployed to 
predict the movements of brown bears (Ursus 
arctos) and alert people so they can take 

proactive measures to protect their livestock 
or beehives.

Created by Nature FIRST, the Human–Bear 
Conflict Radar uses historical data and real-
time reports of bear sightings, and is thought 
to be the first ‘complex’ digital twin for miti-
gating human–wildlife conflict (that is, one 
that goes beyond the use of remote camera 
traps, AI species identification and automatic 
alerts, which might be considered simple). It 
was deployed in and around Bulgaria’s Cen-
tral Balkan National Park in spring this year, 
when bears wake from hibernation. Results are 
expected around November, and the system 
will be used in Romania from next year.

This model can be applied to other human–
wildlife conflicts, too, with a digital twin 
already being developed for elephants in 
Mozambique. Like the Doñana National Park 
models, the Nature FIRST digital twins are all 
open source, so other researchers can build 
on the work. De Koning is keen to see whether 
the bear radar can be combined with other 
digital twins, too — such as one of honeybee 
colonies, which could be used by honey pro-
ducers in northern Spain, where bears often 
damage beehives.

There’s potential to take the digital twin to 
the next level, Davison says, by retraining the 
model every time a new conflict point is regis-
tered. But, she explains, for the model to do that 
automatically, through AI or machine learning, 
without a scientist’s reality check, would be con-
cerning to many ecological modellers.

Connecting the Human–Bear Conflict Radar 
with the end user — in this case, the people 
directly involved in conflict with bears – is 
one of the teething issues the team has faced.

Human–wildlife conflict can be political; 
people might not want to speak to research-
ers if, for example, they’re in favour of hunt-
ing as a solution instead of using technology 
to mitigate conflict. Language barriers and 
lack of trust in institutions also play a part. 
But Davison is hopeful that working with the 
Romanian chapter of the conservation charity 
WWF, which has existing relationships with 
local community leaders, will yield better 
results.

Indeed, Davison stresses that building digital 
twins is pointless if the end user isn’t engaged.

“We’ve got so many systems that are chang-
ing rapidly — wildfires, disease outbreaks, 
human–wildlife conflict … all of that needs 
this data, this output, quickly. And then we 
need someone to do something about it!” 
Davison says. Scientists should “provide this 
information as a tool for people who do that 
kind of applied work”.

That, she concludes, “is where the real 
strength of digital twinning can be”.

Heather Richardson is a freelance 
environmental science journalist based in the 
United Kingdom and South Africa.
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Researchers set up digital-twin experiments in Spain’s Doñana National Park.
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