
 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

10
 S

ep
te

m
be

r 
20

23
 

royalsocietypublishing.org/journal/rsif
Perspective
Cite this article: Schulz AK, Shriver C,
Stathatos S, Seleb B, Weigel EG, Chang Y-H,

Saad Bhamla M, Hu DL, Mendelson III JR. 2023

Conservation tools: the next generation

of engineering–biology collaborations.

J. R. Soc. Interface 20: 20230232.
https://doi.org/10.1098/rsif.2023.0232
Received: 20 April 2023

Accepted: 21 July 2023
Subject Category:
Life Sciences–Engineering interface

Subject Areas:
environmental science, bioinformatics,

ecosystems

Keywords:
conservation tech, human-centred design,

AI4Good, Tech4Wildlife
Author for correspondence:
Andrew K. Schulz

e-mail: aschulz@is.mpg.de
© 2023 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
†Indicates co-first author.
Conservation tools: the next generation
of engineering–biology collaborations

Andrew K. Schulz1,2,†, Cassie Shriver3,†, Suzanne Stathatos5,†,
Benjamin Seleb3,†, Emily G. Weigel3, Young-Hui Chang3, M. Saad Bhamla4,
David L. Hu2,3 and Joseph R. Mendelson III3,6

1Haptic Ingelligence Department, Max Planck Institute for Intelligent Systems, Stuttgart 70569, Germany
2Schools of Mechanical Engineering,3Biological Sciences, and 4Chemical and Biomolecular Engineering,
Georgia Institute of Technology, Atlanta, GA 30332, USA
5Division of Engineering and Applied Science, California Institute of Technology, Pasadena, CA 91125, USA
6Zoo Atlanta, Atlanta, GA 30315, USA

AKS, 0000-0001-8007-5157; CS, 0000-0003-2970-1196; SS, 0000-0003-4351-4389;
BS, 0000-0001-5023-1972; EGW, 0000-0001-5570-4142; Y-HC, 0000-0001-7987-6459;
MSB, 0000-0002-9788-9920; DLH, 0000-0002-0017-7303; JRM, 0000-0001-5620-377X

The recent increase in public and academic interest in preserving biodiversity
has led to the growth of the field of conservation technology. This field
involves designing and constructing tools that use technology to aid in the
conservation of wildlife. In this review, we present five case studies and
infer a framework for designing conservation tools (CT) based on human–
wildlife interaction. Successful CT range in complexity from cat collars to
machine learning and game theory methodologies and do not require techno-
logical expertise to contribute to conservation tool creation. Our goal is to
introduce researchers to the field of conservation technology and provide
references for guiding the next generation of conservation technologists.
Conservation technology not only has the potential to benefit biodiversity
but also has broader impacts on fields such as sustainability and environ-
mental protection. By using innovative technologies to address conservation
challenges, we can find more effective and efficient solutions to protect and
preserve our planet’s resources.
1. Background and motivation
The term ‘conservation technology’ was first proposed by Berger-Tal in 2018
[1] to broadly describe the use of technology to manage and conserve wildlife.
While a commonly referenced example is unmanned aerial vehicles [2,3]
(UAVs, also known as drones), there are many other conservation technologies,
including camera traps [4,5], wildlife trackers [6,7], smartphone applications
(apps) [8–10], devices for remote sensing and gathering geospatial data
[11–13], and collection of environmental DNA [2,14–16]. Much of the existing
technology uses modern hardware and software design processes to improve
ongoing conservation efforts and initiate previously under-addressed efforts
[1]. Some of the major goals of conservation technology are to improve out-
dated equipment, increase accessibility to tools and use modern technology
to address conservation problems in entirely new ways. Conservation technol-
ogy is being developed for animals in both natural environments and captive
settings (e.g. foxes in urban settings and elephants in zoos, respectively) [17]
and may also be applied to plants, habitats and geological phenomena.

Why have the last few years shown increasing interest in implementing both
new and old tools in the conservation sector? The alarming rates of biodiversity
loss amidst the current mass extinction [18] have driven demand for conserva-
tion technology. Since 1970, monitored populations of terrestrial, freshwater
and marine vertebrates have plunged by an average of 69% [19]. With
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advancing technological revolutions over the past millen-
nium, many scientists, engineers and other conservation
stakeholders see conservation tools (CT) as critical methods
for addressing ongoing conservation challenges.

Historically, the field of conservation technology has taken
an opportunistic approach wherein stakeholders invest in
developing technology for a specific, non-conservation need
that is then applied to wildlife management [1], a prime
example being the development of drones by the military.
While opportunistic technologies certainly aid in wildlife
management efforts, they tend to be expensive and less
accessible to the conservation community. Consequently,
there has been an increasing push towards purpose-driven
technology designed in consultation with members of
the conservation community [1]. Critically, technology is
not considered to be proper conservation technology until
its success for managing and conserving wildlife has
been demonstrated.

Producing purpose-built technology requires a variety of
skills that are typically beyond the scope of a single person,
so establishing successful interdisciplinary collaborations
is crucial. To properly synthesize these perspectives,
conservation technology must establish the necessary bridges
between the conservation community, technologists and
policymakers [1,20]. However, these interdisciplinary collab-
orations are dependent on effective communication across
domains, which can be difficult given differences in
objectives and goals. While technology development and out-
comes are often derived from an engineering design mindset,
biological conservation is more hypothesis-driven and
grounded in the scientific method.

Parachute science [21], where scientists ‘parachute’ into
places for purposes of research or conservation but leave
without a trace of acknowledgement or interaction with com-
munity members who made the work possible, is an
unfortunately common phenomenon [22]. Researchers are
frequently criticized for going to foreign, often less privi-
leged, communities to gather data in their fieldwork and
then leaving with their data alone without creating ties to
the community. There are many forms of parachute science,
sometimes called colonial science (leading to colonization
of conservation) [23] or parasitic science [24]; for this
paper, we define it as exclusion and ignorance of the knowl-
edge of local communities. In the discussion of conservation
science, local and indigenous knowledge is paramount to
successfully implementing CT. Moreover, and arguably
more importantly, without community inclusion and sup-
port, it is impossible to ensure lasting operational impact
from research studies. Achieving real change from a research
study requires local engagement.

Despite grants, training and other efforts towards these
collaborations, the conservation community has encountered
many solutions claiming to be universal-minded but lacking
in necessary interdisciplinary knowledge and partners in
respective fields. Inadequate communication between fields
initially led the fauna and flora community to be distrustful
of new technologies because many engineering solutions
were poorly applied to serve the needs of conservationists,
especially in natural outdoor situations. However, the press-
ing nature of the sixth mass extinction and climate change
has made the necessity of interdisciplinary solutions evident
and worth pursuing despite communication difficulties. With
this expansion of interdisciplinary collaborations comes the
realization that novel contributions to conservation technology
can be designed in a variety of ways.

The term ‘conservation technology’ has received much cri-
ticism from the conservation community for the implication of
requiring advanced technologies. While contributions can
involve complex techniques such as machine learning to ident-
ify and track species [25], plenty of modern innovations
involve simple devices such as chili pepper fences used to
deter African elephants from damaging farmland [26].

It is for these reasons that we propose the term conserva-
tion tools instead of conservation technology. We believe the
term ‘tool’ better encompasses the diversity of devices and
methods used in this field. Rephrasing also intentionally
includes indigenous solutions used in traditional conserva-
tion practices around the globe, which may not be
accurately described as ‘technology.’

CT ideally should be built using human-centred design
(HCD). Purpose-built technology in the hardware and soft-
ware industry is considered collectively under the term
HCD. HCD operates by using a design mindset that focuses
on the context of the use of the idea. A common example is
the difference between checkout interfaces in different
environments. Purchasing a beverage at a bar versus at a
supermarket serves a similar purpose but involves a differ-
ent context for exchanging money. In each scenario, there
are a set number of customers and a set number of items
each individual may buy. For the bar, there are many custo-
mers, but few items, while the opposite is true of the
supermarket. Thus the design of the technology and pro-
cesses that enable the purchasing of goods are in very
different contexts of use. We will apply the same logic to
CT in using a human–wildlife (fauna and flora)-centred
design (HWCD) approach.

A HWCD approach for CT requires consideration of not
just the human interaction with the device but also the inter-
action between humans and fauna and flora. While ‘human–
flora conflict’ [27] is used to describe interactions in urban,
farming, or wild settings that can cause large amounts of
harm to human interests [28], ‘human–wildlife interaction’
is broadly used to describe both positive and negative inter-
actions. HWCD is not a new concept, as it has been
implemented for millennia by indigenous peoples that
live, interact and move with the land. For designers from
non-indigenous backgrounds, it is essential to understand
that true indigenous design is only possible if the primary
designers of a technology solution are from the native indi-
genous lands where the solutions will be implemented [29].
To ignore indigenous or other community-derived knowl-
edge is to create a solution with only partial expertise or
knowledge of the problem; for this reason, we implore read-
ers to understand that the effectiveness of your tool relies on
the active collaboration of the community, scientists and
engineers. As we go forward in this manuscript, it is para-
mount for authors to understand that the best tools are
created by indigenous researchers, scientists and engineers
working collaboratively as they are the most knowledgeable
folks in the world about the conservation challenges non-
indigenous members outside the community have imposed.

This manuscript is meant to be a starting guide to intro-
duce the field of creating CT to those without experience.
Next, we present a glossary of terms that also allow current
practitioners of CT to understand the diversity of this
field better.



Table 1. Terms used by different groups practising using advanced and new technology to develop CT and references to find more information about each
term.

term definition reference

application programming

interface (API)

a set of rules that allow applications and programs to communicate with each other Boateng et al. [30]

back-end interface the server and work behind-the-scenes to allow the user interface Smith [31]

image classification the computer vision process of predicting a class of one object to an image Krizhevsky et al. [32]

colonization of conservation the historical legacy that is conservation is performed by those that colonized the areas

where the conservation is performed

Loss et al. [33]

conservation technology an interdisciplinary field that works to design technology to help prevent the sixth mass

extinction

Berger-Tal &

Lahoz-Monfort [1]

conservation tools (CT) devices that are made and developed to be applied to the conservation of wildlife this study

context of use a design thinking that takes the exact use of the device as the primary design component Jacobson [34]

ex situ conservation conservation of a species outside its original place (e.g. in a zoo) Braverman [35]

fine-tuning the computer vision process of taking a model that has been trained on one task and tuning

it to make it perform a different, similar task

this study

front-end interface the interface that the user sees, sometimes described as the user interface Smith [31]

frugal science the concept of creating scientific tools that are the most accessible possible in the form of

cost and functionality

Byagathvalli et al. [36]

graphical user interface

(GUI)

a digital interface where a user can interact with various components such as buttons or text

boxes

Edler et al. [37]

human-centered design a design thinking that takes the context-of-use of the exact devices as the primary design

component

Jacobson [34]

human–wildlife centred

design (HWCD)

using the human–wildlife interaction in the design process similar to that of human-centred

design

this study

indigenous design a design thinking that is designed by the indigenous population that is most familiar with

the conservation and ecological initiatives

Nawrotski & Kadatska

[38]

in situ conservation conservation of a species at the original place (e.g. in the wild) Braverman [35]

object detection the computer vision process of detecting instances of semantic objects of a particular class or

set of classes

Lin et al. [39]

object tracking the computer vision task of taking a set of initial object detections, creating a unique

identifier for each detection, and tracking each object over a series of time

Yilmaz [40]

object re-identification

(Re-ID)

takes object detection one step further by matching a given object in a new environment to

the same object in a different environment

Stewart et al. [41]

open-source solutions solutions that are open access and solutions that are fully accessible by the public to re-

create, re-design and re-invite

Lerner & Tirole [42]

opportunistic technology devices that are built for a particular industry, such as camera traps designed for hunters, but

used in a different purpose, such as biologists using camera traps for ecological surveys

Berger-tal & Lahoz-

Monfort [1]

silver-bullet solutions a one-size-fits-all solution that can address and solve any issue Shaw [43]

self-supervised learning a machine learning subset in which a model trains itself to learn part of the input from

another part of data, often leveraging the underlying structure of the data

Hendrycks et al. [44]

supervised learning a machine learning subset of problems where the available data has labelled examples Russell & Norvig [45]

transfer learning a machine learning method that uses a pre-trained model as a starting point for a model in

a new task (i.e. it has already learned how to ‘see’ one set of things and will be trained

again to get better focus on another set of things)

Zhuang et al. [46]

unsupervised learning a machine learning subset of problems that analyses and clusters unlabelled data Schmarje et al. [47]

wildlife collective term referring to non-domesticated species of animals, plants and microbes, though

sometimes restricted to just mean animals (particularly mammals and birds)

Usher [48]
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2. Conservation tools vocabulary
As the conservation technology field has grown, it has adopted
many terms from other fields to describe CT accurately. Unfor-
tunately, many of these technical terms are domain-specific and
can alienate stakeholders. Forexample, the term ‘wildlife’ canbe
restricted toundomesticatedanimal specieswithin certain fields
or scientific literature, but the definition prevalent in conserva-
tion and conservation technology is often generalized to
include both animals and plants. We define many of the terms
commonly used to describe CT and provide corresponding
publications with more details on these specific terms (table 1).

Next, we present five case studies of CT that have been
implemented worldwide. In each case, we emphasize the
importance of identifying potentially affected communities
when developing CT.
.Interface
20:20230232
3. Discussion
The core principles for CT are highlighted in figure 1 and are
stated at the beginning of each case study. The following
questions are discussed within each case study.

— What: what is its use?
— How: how is it used?
— Where: what are the use cases/how it helps?
— Why: future directions/open questions/etc.

Wepresent casestudiesofCTrepresentingbothnewandold tech-
nologies. Each of these solutions uses some measure of HWCD,
with some employing frugal materials while others take advan-
tage of hardware and software that have become more
accessible in recent years. These case studies represent themes
that the conservation community believes to be the most impor-
tant tools for assisting in advancing conservation, according to
the most recent state of conservation technology report [49].
Additionally,manyof these solutions andcase studiesuse several
of the included principles for successful solutions. Computer
Vision (Case study3)often reliesonadvancinghardware technol-
ogy (Principle 2) as well as advancing software (Principle 3),
similar to that of eDNA and eDNA extraction methods.

3.1. Case study 1: open-source solutions
Principle: solutions should be open-source [49] to promote
accessibility and collaboration

The increased use of open-source solutions, as opposed to
proprietary ones, has emerged as a transformative trend
in conservation technology [51–53]. We use the term ‘open-
source solution’ to encompass hardware and software (or com-
binations of both) that are designed and developed under the
principles of the open-source model. This philosophy seeks to
make the design, blueprint or code of a solution freely accessi-
ble to the public. This is to allow anyone to use, modify, and
contribute to the development of the solution [50]. Open-
source solutions offer a myriad of benefits for conservation
efforts. Firstly, they provide an accessible, affordable option
for researchers and conservationists, breaking down financial
barriers to technological utilization. Moreover, open-source
tools enhance collaboration across disciplines, bridging the
gap between engineers who develop technology and biologists
who use the tools and interpret the data. The AudioMoth
acoustic logger serves as a prime example of the open-source
paradigm, demonstrating its practical application and
successful adoption in many conservation initiatives.

What is its use? In the case of what is the use of open-source
solutions, we can reframe this as: what are open-source
solutions suitable for? Effective wildlife management
decisions often require abundant data on the animals and
plants. Compared with other methods, acoustic monitoring
devices can substantially increase monitoring coverage of ani-
mals both in terms of land area and recording time [54–56].
These remote monitoring devices are minimally invasive
and can be deployed into areas of interest to listen for the
calls of co-located animals and abnormal activity without
causing disruptions to the environment [54–56]. Such aspects
make this technique a powerful environmental monitoring
strategy applicable across many environments and contexts.
Until recently, however, acoustic monitoring systems have
been too expensive and complex for mass implementation in
the scientific community.

The AudioMoth acoustic logger revolutionized this
narrative when it came onto the market in 2017, costing
only $49.99 USD [57], one-tenth the price of comparable com-
mercially available audio recording devices (in 2017). Beyond
the low cost, the device is small (the size of a credit card),
energy-efficient, and records both human-audible sounds
and ultrasonic frequencies.

How is it used? The AudioMoth was created by two PhD
students with the intention of increasing scientific accessibility
(figure 2a) [57]. This device was developed with a HCD
approach, integrating modern technology in both software
and hardware, with a keen understanding of its end-users—
biologists, who often have different needs and skill sets
compared with computer scientists or engineering researchers.
The developers have made design files, such as the circuit
board, housing schematics and software, freely available.
This transparency allows users to modify their devices or
even construct their own, tailoring the tool to their specific
needs.

It should be acknowledged that the AudioMoth is still a
sophisticated piece of technology, and building or modifying
it may be beyond the technical capabilities/infrastructure of
many conservation practitioners. The developers address a
key challenge in conservation technology, ensuring devices
are still accessible while ensuring sustainable production.
They accomplish this via group purchase campaigns to get
them fabricated and distributed. Besides handling the fabri-
cation process, bulk order production has the added benefit
of reducing per-unit costs. Groupgets is a service that, similar
to crowd-funding, is a crowd-purchasing of electronics.
AudioMoth and other devices operate where they open a
Groupgets (https://groupgets.com/) campaign, and a total
number of people have put in an order (say 500) the order
is closed and these items are distributed. This entire process
is described further in Hill et al. [57].

Once the device is in hand, implementation can be expe-
dited via a graphical user interface (GUI). This GUI can be
easily downloaded onto most personal computers and
allows users to quickly set up the device as a scheduled re-
corder without any specialized knowledge of the embedded
software running on it. Because the software and firmware
running on the device are also open-source, the developers
encourage users to edit the source code for more advanced
customization of their devices, such as case-specific filtering
to actively classify sounds of interest [53].

https://groupgets.com/
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Figure 1. Visual abstract displaying the conservation tool framework discussed in this piece. Silhouettes created by Gabriela Palomo-Munoz and Undraw.co.
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What is the use case? Thanks to its enhanced accessibility
and options for customization, the AudioMoth has found
diverse applications in the field of conservation. It has been
used to monitor animal populations [58], track migrations
[59], identify poaching activity [53], detect sounds underwater
[60] and even discover new species [53].

What is the potential? AudioMoth’s success exemplifies the
power of open-source solutions in conservation, broadening
the range of applications and the adoption of tools. Its open-
source approach, combined with a focus on biologist end-users
and a sustainable production model, has provided a viable path-
way for creating versatile, affordable and customizable tools.

Since the release of the AudioMoth, many other products
have come to market with comparable features at similar
price points. The Song Meter Micro [61], for example, assists
with the increase of scientific accessibility of bio-acoustic data
collection; it costs $249.00 per unit and operates in a wide
range of environments, including glaciers in Northern Green-
land [62]. It is essential to realize that the Song Meter Micro is
not open-source, but the price of this and other similar
devices to the AudioMoth have probably been driven down
thanks to the open-source products on the market. The
AudioMoth allows the user only to have to use the
provided front-end interface if needed but also can use cus-
tomization of the back-end for these advanced cases. Other
devices and technologies sometimes employ application pro-
gram interfaces (API), which allow communication between
different computer programs.

A new journal publication type is leveraging the future of
open-source hardware through publications. These journals
currently include the Journal of Open Hardware, The Journal
of Open Engineering and HardwareX. These journals require
all submissions to include complete information for all hard-
ware and software included in the device [63]. It should,
however, be mentioned that some of these publishers,
including Elsevier, are for-profit publishers.
3.2. Case study 2: environmental DNA
Principle: solutions should take advantage of increasing
hardware technologies

DNA analysis is a well-established scientific tool for an
ever-expanding scope of biological studies [64]. An enormous
challenge in the use of DNA for purposes of conservation is
that traditional methods of DNA collection require biological
samples such as urine, hair, skin or other tissue [65]. Tra-
ditional biological methods have historically required the
restraint, capture, or rapid collection of fresh DNA samples
that can be either logistically infeasible or actively at odds
with observing organisms in the wild. If organisms are rare
or secretive, it may not be possible or logistically feasible to
get samples from them. Thomsen and Willerslev (2015)
reviewed using eDNA as an emerging tool in conservation
[66]. One of the primary challenges they highlighted in con-
servation is the trade-off between the invasiveness of
studies and data collection. Applications of eDNA are redu-
cing the need for invasive studies and enabling locating
and monitoring of creatures too rare or secretive, or sensitive
to disturbance. It may not be possible, logistically or ethically
appropriate for traditional survey methods.

What is its use? Environmental DNA (eDNA) allows for
the analysis of diets, geographical ranges, population sizes,
demographics and genetics, as well as the assessment of the
presence or absence of species at sites. These can be quanti-
fied with eDNA collected from samples such as faeces left
behind, hairs snagged on vegetation, or water samples in
the case of aquatic environments, and later analysed for
different genetic information. Using eDNA benefits the con-
servation space as being a holistically non-invasive DNA
extraction method, making it very repeatable. The techniques
for collecting eDNA still require biological sample collection
methods, but the samples can be in much lower concen-
trations and then extracted through post-sample collection
methodologies.

How is it used? Environmental sampling of biological
sampling is a previously developed tool that has been
applied in several applications. This includes recently using
waste water for coronavirus monitoring [67]. This technique
of biological sampling from the environment in the form of
eDNA has been adopted by wildlife conservationists, which
allows using DNA samples found in the environment for
understanding endangered species in their natural environ-
ment using only DNA samples. The novelty of this tool is
its ability not only to detect DNA information about animals
but its applicability across various environments, including
land, sea and even in polar ice [66]. As a tool, eDNA is



(a) (b)

(c)
(d)

Figure 2. (a) AudioMoth, (b) open source printed circuit board that Open Acoustic Devices (https://www.openacousticdevices.info/) included on the website,
(c) open source code for controlling and interpreting data from the AudioMoth via GitHub, (d ) online and app-based user-interface for AudioMoth users.
Images were taken from the AudioMoth website with permission.
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helpful in various conservation and ecological fields, but
this solution has had a significant history of colonial-
style parachute science [68]. It is important to note that
while solutions and technology like this can be leveraged,
they must be thought of in the HWCD framework. Working
with local and indigenous communities is crucial
because eDNA is not the sole solution, and additionally on-
ground conservation work is necessary for the long-term
conservation of wildlife [69].

What is a use case? One of the first documented uses of
eDNAwas in 1992 when Amos used shed skin from cetacean
mammals species to inform a population analysis [70].
Although not considered as conservation technology at the
time, this was one of the first applications of non-invasive
eDNA for biological conservation and population assess-
ment. Now eDNA is used to monitor not just populations
but to catalogue local biodiversity of fishes [71], manage rep-
tile populations [72] and forest conservation [73] using the
interface between remote sensing and eDNA.

What is the potential? Despite its broad range of potential
applications, eDNA is not a universal solution for all situ-
ations, mainly because the methodology is complex in
terms of sampling and acquisition of data. Sample processing
of eDNA often requires sample preparation in very precise
chemical and biological processes with humans executing
precise tasks. As such, eDNA is prone to the same human
errors as other laboratory-based risks, including contami-
nation, biased results and interpretations, or even as simple
as not having adequate reference databases for identifying
DNA sequences for all regions or applications.

These pitfalls do not discount eDNA as an example of
using new technological advances and scientific progress to
advance conservation practices. Tools such as this are con-
tinually being improved and innovated, and eDNA devices
are becoming cheaper and more accessible for scientists.
This field has been expanding in the past years with increas-
ing establishments of DNA barcodes that permit the
identification of species using online DNA databases [74].
DNA barcoding takes shortened segments of DNA and
allows for rapid species identification. This rapid DNA
identification can be used for rapid identification of fish by
specific species having a DNA fingerprint that can be rapidly
checked to help prevent mislabelling [75].
3.3. Case study 3: computer vision
Principle: solutions should take advantage of increasing
software technologies

Machine learning is the science and art of developing
computer algorithms to learn automatically from data and
experience [76]. Computer vision is a subfield of machine
learning in which computers and systems are trained to
extract meaningful information (aka ‘see’) from images,
videos and other inputs. Computer vision lets computers
understand visual inputs [77] and offers many benefits over
traditional image review and annotation.

What is its use? While humans have been trained during
their lifetime to identify objects, understand their depth,
and see their interactions, computer models require thou-
sands of labelled images to teach machines to recognize
new scenarios with the efficacy of a human observer. With
hardware advances and algorithms designed for lower-
resource devices, computer vision has become less expensive
and more accessible. From only being able to work on station-
ary super-computers, computer vision is now standard, with
all computation and data storage being performed on small
devices in the field like laptops and cell phones [78–80].
Users of computer vision applications today include, but

https://www.openacousticdevices.info/
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are not limited to, (i) iPhone users to unlock their phones
with their faces, (ii) drivers of self-driving cars, and (iii) traffic
enforcers who use red-light traffic cameras.

How is it used? Conservationists use camera traps to cap-
ture images of wildlife. A typical camera trap apparatus is
shown in figure 3a. A camera is placed in a region of interest.
This could, for example, be a known location where animals
go, such as near a water source. It passively collects infor-
mation about what goes through that region. Camera traps
collect data over a specified period, either writing to an exter-
nal hard drive or pushing data to a cloud-hosted framework.
Camera traps often include infrared and/or motions sensors
that can identify warm-bodied or moving objects. When an
animal triggers the sensor, the camera records (writes images
to memory), as shown in figure 3b. Previously, humans have
had to sift through these images to extract meaningful infor-
mation about the animals. More and more, computer vision
techniques are being applied to this imagery to help scientists
detect, track, classify and re-identify (recognize) individual
animals, among other things [82,83]. A machine learning
model can either train on the camera trap’s imagery to learn
and recognize patterns particular to that the data, or a pre-
trained machine learning model can be used out of the box
to predict these features of interest (figure 3c).

Traditionally, computer vision has used classical super-
vised machine learning algorithms (algorithms that need
human-labelled data). These algorithms let the model under-
stand identifying characteristics of the animals within the
regions of interest (for example, colour histograms, texture
differences, locomotor gait etc.; figure 3c) [25]. The model
can learn to detect and classify wildlife species from those
characteristics in the images. Two key use cases of this include
classifying animal species (classification) and recognizing and
identifying individual animals (re-identification or Re-ID). In
these tasks, extraction of the foreground of the image is an
important pre-processing step to focus the model on the
animal of interest. For example, the first step in classifying
urban wildlife is often to crop the image to focus on the
animal and not to focus on cars, trees and other environmental
features [84]. The model could then take these cropped images
and classify them as different species types (i.e. squirrels, dogs,
coyotes etc.). Alternatively, as seen in several urban wildlife
monitoring projects, computer vision has been used to crop
humans out of images and ignore empty images [85].

What is a use case? Recent advances in hardware have
allowed computer vision to expand to underwater locations.
The Caltech Fish Counting task leverages sonar cameras
placed in rivers to detect, track and count salmon as they
swim upstream [86]. The set-up of these cameras within
rivers is illustrated in figure 4. They cannot rely on infrared
sensors, so they capture images continuously across a speci-
fied period. Fisheries managers review the videos and
manually count the number of salmon. Caltech researchers
are working on automating this with computer vision [86].

What is the potential? Computer vision has led to a set of
technologies that can aid wildlife conservation across terres-
trial, aquatic and laboratory environments. Using computer
vision as a tool can help solve limitations in manual data
analysis by saving time and by limiting external bias. Proces-
sing large amounts of data quickly allows ecologists to then
identify ecological patterns, trends etc. in their scientific
space and facilitates quicker lead times on field observations.
Their science, then, informs ecological actions and goals.
Integrating computer vision into wildlife conservation is
dynamically automating animal ecology and conservation
research using data-driven models [25].
3.4. Case study 4: game theory and optimization
Principle: economics and artificial intelligence should be
leveraged in conservation challenges to optimize decision-
making

Artificial intelligence is actively being used to combat
wildlife threats. When designing CT like sensors, one key
challenge is where to place them in an animal’s ecosystem
to collect relevant data. Researchers are looking into ways
to leverage artificial intelligence methods to optimize conser-
vation/resource planning and policy-making. One such field
in computer science that differs from computer vision is the
use of game theory for more effective data collection. Game
theory is a collection of analytical tools that can be used to
make optimal choices in interactional and decision-making
problems. The use of game theory for conservation has
only recently become a field of study.

What is its use? In non-mathematical terms, optimization
is the study of how to make the best or most efficient decision
given a particular set of constraints. In probability theory and
machine learning, the multi-armed bandit problem is one
type of optimization problem in which a limited set of
resources must be split among/between competing choices
to maximize expected gain. This problem is a subclass of
a broader set of problems called stochastic scheduling
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problems. In these problems, each machine provides a reward
randomly from a probability distribution that is not known as
a priori. The user’s objective is to maximize the sum of the
rewards. These techniques are commonly used for logistics
(routing) coordination and financial portfolio design,
though they have also been adapted to be used for modelling
nefarious actors and optimally countering them. In wildlife
scenarios, biologists often have to use few tools to collect
data in a vast environment, hundreds of square kilometres.
The use of optimization strategies has recently begun to
help ecologists and biologists pinpoint locations to collect
data descriptive of a sizeable ecological habitat effectively.

How is it used? Patrol Planning. Wildlife poaching and
trading threaten key species across ecosystems. Illegal wildlife
trade facilitates the introduction of invasive species, land degra-
dation and biodiversity loss [87]. Historically, park rangers have
recorded where poachers have struck. However, most national
parks have a limited supply of park rangers. They often are lim-
ited to driving, walking, or biking around the parks. Several
parks have repositories of historical data detailing poaching
locations identified in the past. This data can be used to predict
likely poaching threats and locations in the future. Work has
been done in the game theory and optimization space to lever-
age machine learning (on the historical data) and optimize
multi-modal (i.e. driving and walking) patrol planning. Ulti-
mately, parks and wildlife conservation organizations want to
find the optimal answer to the questions, ‘How should I
organize my patrols?’ and ‘How will adversaries respond?’
[88]. This optimization technique provides them with a way
to answer those questions directly.

Economic modelling. Additional researchers, including
Keskin and Nuwer, are working toward understanding the
economics behind these wildlife threats. Poaching is an
additional income source for individuals in rural commu-
nities who may rely primarily on tourism for income. If
these communities cannot rely on tourism, they may focus
on wildlife trafficking, as those species are prevalent near
them [89]. A review of wildlife tracking [90] focusing on
operations and supply chain management recognized four
challenges that limit preventative measures:

1. the difficulties of understanding the true scale of illegal
wildlife trade from available data;

2. the breadth of the issue—trafficked animals are used for
food, status symbols, traditional medicine, exotic pets
and more (this requires the policy remedy to be multifa-
ceted), and sometimes illegal wildlife trade operates in
countries with corrupt governments or limited infrastruc-
tures for law enforcement and monitoring;

3. illegal wildlife traders are geared towards undetectable
operations, especially from financial institutions; and

4. illegal wildlife trade is considered less serious than other
trafficking, i.e. human, drugs and weapons.

There are several suggested ways to apply research in supply
chain operations toward combating illegal wildlife trade [90].
These include: bolstering data through CT such as satellite
data, acoustic monitoring, eDNA, news scraping and finding
online markets; strengthening data detection and prediction
through network analysis and understanding data bias;
modelling the problem as a network interdiction problem
to see how to disrupt the supply chain network; more
effective resource management and reducing corruption. By
analysing the complex supply chain and operations behind
illegal wildlife trade, Keskin et al. [90] illuminated a more
clear picture of each location/scenario individually, which
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Figure 5. Using game theory and optimization for conservation practices.
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allows an informed and targeted response to prevent illegal
wildlife trafficking [32].

What is a use case? Evidence from parks in Uganda suggests
that poachers are deterred by ranger patrols, illuminating the
increased need for robust, sequential planning [88]. Computer
science economists have worked on adversarial modelling to
demonstrate poachers’ deterrence to patrols and other poacher
behaviour patterns [88]. An illustration of poaching patterns
with increased patrols is shown in figure 5.

Researchers working at the Jilin Huangnihe National
Nature Reserve in China first used machine learning to pre-
dict poaching threats and then used an algorithm to
optimize a patrol route. When rangers were dispatched in
December 2019, they successfully found 42 snares, signifi-
cantly more than they had found in previous months and
patrols [91]. Combining machine learning and optimization
techniques, therefore, has proven to increase the efficiency
of patrol planning and can be expanded to more conservation
management applications as well.

What is the potential? Applying optimization techniques
across conservation-oriented tasks will provide insight and
better resource usage to historically under-resourced applica-
tions and programs. In addition, these optimization techniques
and economically focused viewpoints can prompt organizations
and governments to identify and quell issues more efficiently.
Programs can best use the limited resources they have and do
so in an efficient data-driven manner. This can, in theory, be
scaled to any resource-limited situation, too. Those with
camera traps, for example, can study where to best place them
to capture the most data-rich images. Thosewith limited Audio-
Moths, similarly, can study where to place them to ensure
optimal and most realistic acoustic captures.
(a) Data mapping of a conservation issue to determine which states’ conser-
vation funding is most important. (b) Raw map of the USA. (c) Overlapped
image of the clustering depicted in (a) with the raw map of the USA. (d )
Data-interpreted map displaying large arrows in the states where the most
conservation is needed with smaller arrows (in light green) displaying
states where clustering is beginning. Images made using DataWrapper.
3.5. Case study 5: frugal solutions
Principle: solutions can be simple and should not be
over-engineered

In contrast to many of the previously discussed case studies,
a conservation tool can be as simple as a brightly coloured cat
collar. This case study highlights the need for viable and acces-
sible solutions, providing an example that fails to fit the
technocentric vision of conservation technology that has taken
hold. Advanced technology, while offering increased functional-
ity, often comes with barriers to adoption such as high
implementation cost or specialized knowledge requirements
for utilization. These barriers are especially condemning for
conservation practitioners operating in resource-limited environ-
ments. Even in developed regions, the cost and complexity of
solutions can deter widespread adoption and utilization.

A potential strategy for increasing the adoption of CT is to
design them as frugally as possible. This practice has been
termed frugal science [36] and is subtly different from the
Do-It-Yourself and Free and Open-Source Hardware move-
ments in that it is solely focused on repurposing everyday
items to create low-cost and straightforward devices. While
frugal science has primarily been used to reduce the cost of
medical and bioengineering equipment [92–94], its driving
principles are uniquely suited to conservation efforts.

What is its use? Domestic cats kill 1.3–4.0 billion birds per
year in the US alone [95]. This makes them one of the nation’s
most significant anthropogenic threats to wildlife, yet very little
counter-action has been taken. Potential methods of controlling
this issue, such as enforcing indoor-only policies for pet cats or
eradicating or neutering all feral cats, are often unrealistic or
met with public resistance [96]. A brightly coloured collar pre-
sents a frugal solution to this problem. It has been found that
cats wearing a Birdsbesafe collar ($11.99 USD) killed 19 times
fewer birds than without [97], thus offering a passive and
cost-effective approach to conservation.

How is it used? The collar consists of a frill of brightly
coloured fabric that attaches to a standard breakaway collar
and is easy to apply and safe for the cat. It’s bright colours
alert birds and small mammals to the cat’s presence, reducing
their predatory effectiveness. Notably, no technology is required.
Far less costly and controversial than alternative measures, this
low-cost solution allows domestic cats to remain outdoors
while significantly reducing their threat to wildlife.

What is a use case? Consider a community where many
residents own cats and let them roam outdoors. Despite
awareness campaigns about the impact of cats on local wild-
life, changing human behaviour proves challenging. Here,
the brightly coloured cat collar offers a practical and cost-
effective solution. Residents can easily adopt this frugal sol-
ution without significantly altering their or their pets’
routines. The collar, being simple to use and affordable, can
be widely distributed, even within a large community.
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What is the potential? Financing the development and
implementation of conservation technologies is a significant
challenge. While support from philanthropic organizations
or technology organizations such as Google Earth, Bezos
Earth Fund or AI4Good from Microsoft can provide initial
funding, these opportunities are often limited and may not
ensure long-term adoption.

Frugal solutions like the cat collar demonstrate a promis-
ing alternative. Their simplicity and low cost can facilitate
broader implementation, making them particularly effective
in resource-limited communities. Moreover, by focusing on
repurposing everyday items to create low-cost and simple
devices, the frugal science methodology can help broaden
conservation efforts more generally. This approach not only
reduces the financial barriers to adoption but also makes
CT more accessible to a wider range of users. Frugal solutions
can be crucial in advancing conservation efforts by prioritiz-
ing simplicity and cost-effectiveness.

4. Conclusion
Conservation tools vary but are united in their potential to
aid conservation

There is no single solution to the many challenges in con-
servation. CT are designed to be a part of a community’s
toolkit to help conserve and protect wildlife, and we discuss
the key themes that make them successful in figure 6. As
these case studies show, CT are not meant to solve all pro-
blems, but they can be useful in contexts where previous
methods are too onerous or costly. Developers of CT must
understand that their designs need to be user-friendly for
conservation practitioners and be viewed as a resource
rather than a complete solution for addressing biodiversity
decline. The most effective solutions are those that are realis-
tically implementable and consider the context of human–
wildlife interactions in the design process. In this paper, we
review five case studies of specific CT that are advancing
wildlife conservation. When examining these tools, it is
important to consider the context in which they are used
and the specific conservation issues they are addressing.

To develop effective CT, biologists, computer scientists and
engineers must collaborate and apply their expertise. These
interdisciplinary teams must also work with community mem-
bers who have a deep understanding of conservation
challenges. The wide range of perspectives and challenges
addressed through these partnerships allow CT to take many
forms. We highlight five key characteristics of successful CT.
Open-source and accessible solutions like AudioMoth offer
opportunities for crowd-sourcing and additional improve-
ments, as well as the ability to adapt existing frameworks to
similar problems. Technologies from other fields can be repur-
posed in innovative ways to benefit conservation, such as
using eDNA to reduce the invasiveness of data collection tech-
niques. Existing software like computer vision can also be
applied to the conservation field to streamline and expand
data analyses. Successful CT are not limited to biology, engin-
eering and computer science; they can also benefit from non-
traditional fields like maths for identifying ideal collection
sites. Finally, not all solutions need to behigh tech to be effective.
Simple solutions, like cat collars with bells to protect birds, can
also be effective CT.

In this paper, we aim to provide a foundation for
future conservation tool creators by reviewing case studies of
successful tools and highlighting key themes. These case studies
demonstrate the diverse range of approaches that can be taken in
conservation technology, from simple cat collars to complex
machine learning and game theory methodologies. By drawing
on the expertise of interdisciplinary teams that include biologists,
computer scientists, engineers and communitymembers, we can
develop practical tools that address the unique challenges of each
conservation context. As we work to conserve and protect wild-
life, it is essential to remember that CTare just one part of a larger
toolkit and should be integrated into traditional and indigenous
approaches to conservation. Through this review, we hope to
inspire the development of innovative solutions to address the
pressing needs of biodiversity conservation. Ultimately, conser-
vation technology is essential for addressing the challenges of
biodiversity preservation and promoting sustainable solutions
for human–wildlife interactions.

Data accessibility. This article has no additional data.

Declaration of AI use. We have not used AI-assisted technologies in
creating this article.

Authors’ contributions. A.K.S.: conceptualization, funding acquisition,
investigation, project administration, resources, supervision, visual-
ization, writing—original draft, writing—review and editing; C.S.:
conceptualization, investigation, resources, validation, visualization,
writing—original draft, writing—review and editing; S.S.: conceptu-
alization, investigation, software, visualization, writing—original



royalsocietypublishin

11

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

10
 S

ep
te

m
be

r 
20

23
 

draft, writing—review and editing; B.S.: conceptualization, investi-
gation, resources, writing—original draft, writing—review and
editing; E.G.W.: conceptualization, supervision, validation, writ-
ing—original draft, writing—review and editing; Y.-H.C.: resources,
supervision, writing—original draft, writing—review and editing;
M.S.B.: investigation, supervision, validation, writing—original
draft, writing—review and editing; D.L.H.: resources, writing—
review and editing; J.R.M.: project administration, resources, visual-
ization, writing—review and editing.
g.
All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.
Funding. M.S.B. acknowledges funding support from NIH grant no.
R25GM142044, NSF grant CAREER IOS-1941933 and the Open Phi-
lanthropy Project. A.K.S. acknowledges funding support by the
Max Planck Society.
Acknowledgements. Thank you to all of the Georgia Tech Tech4Wildlife
Student Organization members for their support.
org/journal/r
References
sif
J.R.Soc.Interface

20:20230232
1. Berger-Tal O, Lahoz-Monfort JJ. 2018 Conservation
technology: the next generation. Conserv. Lett. 11,
e12458. (doi:10.1111/conl.12458)

2. Aucone E, Kirchgeorg S, Valentini A, Pellissier L,
Deiner K, Mintchev S. 2023 Drone-assisted collection
of environmental DNA from tree branches for
biodiversity monitoring. Sci. Rob. 8, eadd5762.
(doi:10.1126/scirobotics.add5762)

3. Schad L, Fischer J. 2022 Opportunities and risks in
the use of drones for studying animal behaviour.
Methods Ecol. Evol. 00, 1–9. (doi:10.1111/2041-
210X.13922)

4. Zwerts JA et al. 2021 Methods for wildlife
monitoring in tropical forests: comparing human
observations, camera traps, and passive acoustic
sensors. Conserv. Sci. Practice 3, e568. (doi:10.1111/
csp2.568)

5. Green AM, Chynoweth MW, Şekercioğlu Ç. 2020
Spatially explicit capture-recapture through camera
trapping: a review of benchmark analyses for
wildlife density estimation. Front. Ecol. Evol. 8, 473.
(doi:10.3389/fevo.2020.563477)

6. Gregersen T, Wild TA, Havmøller LW, Møller PR,
Lenau TA, Wikelski M, Havmøller RW. 2023 A novel
kinetic energy harvesting system for lifetime
deployments of wildlife trackers. PLoS ONE 18,
e0285930. (doi:/10.1371/journal.pone.0285930)

7. Beuchert J, Matthes A, Rogers A. 2023
SNAPPERGPS: open hardware for energy-efficient,
low-cost wildlife location tracking with
snapshot GNSS. J. Open Hardw. 7, 2. (doi:10.5334/
joh.48)

8. Aristeidou M, Herodotou C, Ballard HL, Young AN,
Miller AE, Higgins L, Johnson RF. 2021 Exploring the
participation of young citizen scientists in scientific
research: the case of iNaturalist. PLoS ONE 16,
e0245682. (doi:10.1371/journal.pone.0245682)

9. Nghiem TPL, Carrasco LR. 2016 Mobile applications
to link sustainable consumption with impacts on
the environment and biodiversity. BioScience 66,
384–392. (doi:10.1093/biosci/biw016)

10. Nowak MM, Dziób KK, Ludwisiak Ł, Chmiel J.
2020 Mobile GIS applications for environmental
field surveys: a state of the art. Global Ecol.
Conserv. 23, e01089. (doi:10.1016/j.gecco.2020.
e01089)

11. Cole E, Beery S, Parker J, Perona P, Winner K. 2021
Species distribution modeling for machine learning
practitioners: a review. In Proc. of the ACM SIGCAS
Conf. on Computing and Sustainable Societies
(COMPASS), virtual event, Australia, 28 June–2 July,
p. 20. New York, NY: ACM.

12. Cachay SR, Erickson E, Bucker AFC, Pokropek E,
Potosnak W, Bire S, Osei S, Lütjens B. 2021 The
world as a graph: improving El Niño forecasts with
graph neural networks. CoRR, abs/2104.05089.

13. Lacoste A et al. 2021 Toward foundation models for
earth monitoring: proposal for a climate change
benchmark. CoRR, abs/2112.00570.

14. Sepulveda AJ, Birch JM, Barnhart EP, Merkes CM,
Yamahara KM, Marin R, Kinsey SM, Wright PR,
Schmidt C. 2020 Robotic environmental DNA bio-
surveillance of freshwater health. Sci. Rep. 10,
14389. (doi:10.1038/s41598-020-71304-3)

15. Larson ER et al. 2020 From eDNA to citizen science:
emerging tools for the early detection of invasive
species. Front. Ecol. Environ. 18, 194–202. (doi:10.
1002/fee.2162)

16. Littlefair JE, Allerton JJ, Brown AS, Butterfield DM,
Robins C, Economou CK, Garrett NR, Clare EL. 2023
Air-quality networks collect environmental DNA
with the potential to measure biodiversity at
continental scales. Curr. Biol. 33, R426–R428.
(doi:10.1016/j.cub.2023.04.036)

17. Pacheco XP. 2018 How technology can transform
wildlife conservation. In Green technologies to
improve the environment on earth (ed. M Pacheco).
IntechOpen. (doi:10.5772/intechopen.82359)

18. Ceballos G, Ehrlich PR, Barnosky AD, García A,
Pringle RM, Palmer TM. 2015 Accelerated modern
human–induced species losses: entering the sixth
mass extinction. Sci. Adv. 1, e1400253. (doi:10.
1126/sciadv.1400253)

19. World Wildlife Fund. 2022 Annual report. See
https://www.worldwildlife.org/.

20. Sintov N, Seyranian V, Lyet A. 2019 Fostering
adoption of conservation technologies: a case study
with wildlife law enforcement rangers. Oryx 53,
479–483. (doi:10.1017/S0030605317001533)

21. Watson C. 2021 Parachute science falls to earth. See
https://www.nature.com/nature-index/news/
parachute-science-falls-to-earth.

22. Schulz AK, Shriver C, Aubuchon C, Weigel EG, Kolar
M, Mendelson III JR, Hu DL. 2022 A guide for
successful research collaborations between zoos and
universities. Integr. Comp. Biol. 62, icac096. (doi:10.
1093/icb/icac096)

23. de Vos A. 2020 The problem of ’colonial science’:
conservation projects in the developing world
should invest in local scientific talent and
infrastructure. Sci. Am. 4, e12681. (doi:10.1111/
csp2.12681)

24. Smith J. 2018 Parasitic and parachute research in
global health. Lancet Global Health 6, e593. (doi:10.
1016/S2214-109X(18)30315-2)

25. Tuia D et al. 2022 Perspectives in machine learning
for wildlife conservation. Nat. Commun. 13, 792.
(doi:10.1038/s41467-022-27980-y)

26. Chang’a A et al. 2016 Scaling-up the use of chili
fences for reducing human-elephant conflict across
landscapes in Tanzania. Trop. Conserv. Sci. 9,
921–930. (doi:10.1177/194008291600900220)

27. Soulsbury CD, White PCL. 2015 Human–wildlife
interactions in urban areas: a review of conflicts,
benefits and opportunities. Wildlife Res. 42,
541–553. (doi:10.1071/WR14229)

28. Jessen TD, Ban NC, Claxton NX, Darimont CT. 2022
Contributions of indigenous knowledge to ecological
and evolutionary understanding. Front. Ecol.
Environ. 20, 93–101. (doi:10.1002/fee.2435)

29. The Ecological Society of America. Ecological
Resources from Indigenous People. See https://www.
esa.org/about/diversity-in-ecology/ecological-
resources-from-indigenous-people/.

30. Boateng R, Ofoeda J, Effah J. 2019 Application
programming interface (API) research: a review of
the past to inform the future. Int. J. Enterp. Inf. Syst.
15, 76–95. (doi:10.4018/IJEIS.2019070105)

31. Smith PG. 2012 Professional website performance:
optimizing the front-end and back-end. Birmingham,
UK: John Wiley & Sons.

32. Krizhevsky A, Sutskever I, Hinton GE. 2017
ImageNet classification with deep convolutional
neural networks. Commun. ACM 60, 84–90. (doi:10.
1145/3065386)

33. Loss SR, Terwilliger LA, Peterson AC. 2011
Assisted colonization: integrating conservation
strategies in the face of climate change. Biol.
Conserv. 144, 92–100. (doi:10.1016/j.biocon.
2010.11.016)

34. Jacobson R. 2000 Information design. Cambridge,
MA: MIT Press.

35. Braverman I. 2014 Conservation without nature: the
trouble with in situ versus ex situ conservation.
Geoforum 51, 47–57. (doi:10.1016/j.geoforum.
2013.09.018)

36. Byagathvalli G, Challita EJ, Bhamla MS. 2021 Frugal
science powered by curiosity. Ind. Eng. Chem.
Res. 60, 15 874–15 884. (doi:10.1021/acs.iecr.
1c02868)

http://dx.doi.org/10.1111/conl.12458
http://dx.doi.org/10.1126/scirobotics.add5762
https://doi.org/10.1111/2041-210X.13922
https://doi.org/10.1111/2041-210X.13922
http://dx.doi.org/10.1111/csp2.568
http://dx.doi.org/10.1111/csp2.568
http://dx.doi.org/10.3389/fevo.2020.563477
http://dx.doi.org//10.1371/journal.pone.0285930
http://dx.doi.org/10.5334/joh.48
http://dx.doi.org/10.5334/joh.48
http://dx.doi.org/10.1371/journal.pone.0245682
http://dx.doi.org/10.1093/biosci/biw016
http://dx.doi.org/10.1016/j.gecco.2020.e01089
http://dx.doi.org/10.1016/j.gecco.2020.e01089
http://dx.doi.org/10.1038/s41598-020-71304-3
http://dx.doi.org/10.1002/fee.2162
http://dx.doi.org/10.1002/fee.2162
http://dx.doi.org/10.1016/j.cub.2023.04.036
http://dx.doi.org/10.5772/intechopen.82359
http://dx.doi.org/10.1126/sciadv.1400253
http://dx.doi.org/10.1126/sciadv.1400253
https://www.worldwildlife.org/
http://dx.doi.org/10.1017/S0030605317001533
https://www.nature.com/nature-index/news/parachute-science-falls-to-earth
https://www.nature.com/nature-index/news/parachute-science-falls-to-earth
http://dx.doi.org/10.1093/icb/icac096
http://dx.doi.org/10.1093/icb/icac096
https://doi.org/10.1111/csp2.12681
https://doi.org/10.1111/csp2.12681
http://dx.doi.org/10.1016/S2214-109X(18)30315-2
http://dx.doi.org/10.1016/S2214-109X(18)30315-2
http://dx.doi.org/10.1038/s41467-022-27980-y
http://dx.doi.org/10.1177/194008291600900220
https://doi.org/10.1071/WR14229
http://dx.doi.org/10.1002/fee.2435
https://www.esa.org/about/diversity-in-ecology/ecological-resources-from-indigenous-people/
https://www.esa.org/about/diversity-in-ecology/ecological-resources-from-indigenous-people/
https://www.esa.org/about/diversity-in-ecology/ecological-resources-from-indigenous-people/
http://dx.doi.org/10.4018/IJEIS.2019070105
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
http://dx.doi.org/10.1016/j.biocon.2010.11.016
http://dx.doi.org/10.1016/j.biocon.2010.11.016
https://doi.org/10.1016/j.geoforum.2013.09.018
https://doi.org/10.1016/j.geoforum.2013.09.018
http://dx.doi.org/10.1021/acs.iecr.1c02868
http://dx.doi.org/10.1021/acs.iecr.1c02868


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

20:20230232

12

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

10
 S

ep
te

m
be

r 
20

23
 

37. Edler D, Klein J, Antonelli A, Silvestro D. 2021
raxmlGUI 2.0: a graphical interface and toolkit for
phylogenetic analyses using RAxML. Methods
Ecol. Evol. 12, 373–377. (doi:10.1111/2041-210X.
13512)

38. Nawrotzki R, Kadatska P. 2010 Addressing climate
change with indigenous knowledge. Int. J. Clim.
Change 2, 33–48. (doi:10.18848/1835-7156/CGP/
v02i01/37290)

39. Lin T-Y, Maire M, Belongie S, Hays J, Perona P,
Ramanan D, Dollár P, Zitnick CL, T Pajdla. 2014
Microsoft COCO: common objects in context. In
Computer Vision – ECCV 2014 (eds D Fleet, B
Schiele, T Tuytelaars). Lecture Notes in Computer
Science, vol. 8693. Cham, Switzerland: Springer.
(doi:10.1007/978-3-319-10602-1_48)

40. Yilmaz A, Javed O, Shah M. 2009 Object tracking: a
survey. ACM Comput. Surv. 38, 13–es. (doi:10.1145/
1177352.1177355)

41. Stewart CV, Parham JR, Holmberg J, Berger-Wolf TY.
2021 The animal ID problem: continual curation.
arXiv. See https://arxiv.org/pdf/2106.10377.pdf.

42. Lerner J, Tirole J. 2005 The economics of technology
sharing: open source and beyond. J. Econ. Perspect.
19, 99–120. (doi:10.1257/0895330054048678)

43. Shaw SR. 2017 There is no silver bullet: solutions to
Internet jurisdiction. Int. J. Law Inf. Technol. 25,
283–308. (doi:10.1093/ijlit/eax017)

44. Hendrycks D, Mazeika M, Kadavath S, Song D. 2019
Using self-supervised learning can improve model
robustness and uncertainty. In NIPS’19: Proc. of the
33rd Int. Conf. on Neural Information Processing
Systems, December, pp. 15 663–15 674. (doi:10.
5555/3454287.3455690)

45. Russell SJ, Norvig P. 2010 Aritifical intelligence: a
modern approach. Upper Saddle River, NJ: Prentice-
Hall.

46. Zhuang F, Qi Z, Duan K, Xi D, Zhu Y, Zhu H , Xiong
H, He Q. 2019 A comprehensive survey on transfer
learning. arXiv. (doi:10.48550/arXiv.1911.02685)

47. Schmarje L, Santarossa M, Schroder S-M, Koch R.
2021 A survey on semi-, self- and unsupervised
learning for image classification. IEEE Access 9,
82 146–82 168. (doi:10.1109/ACCESS.2021.3084358)

48. Usher MB. 1986 Wildlife conservation evaluation:
attributes, criteria and values. In Wildlife
Conservation Evaluation (ed. MB Usher), pp. 3–44.
Dordrecht, The Netherlands: Springer.

49. Speaker T et al. 2022 A global community-sourced
assessment of the state of conservation technology.
Conserv. Biol. 36, e13871. (doi:10.1111/cobi.13871)

50. Hill AP, Davies A, Prince P, Snaddon JL, Doncaster
CP, Rogers A. 2019 Leveraging conservation action
with open-source hardware. Conserv. Lett. 12,
e12661. (doi:10.1111/conl.12661)

51. Kwok R. 2017 Field instruments: build it yourself.
Nature 545, 253–255. (doi:10.1038/nj7653-253a)

52. Marvin DC, Koh LP, Lynam AJ, Wich S, Davies AB,
Krishnamurthy R, Stokes E, Starkey R, Asner GP.
2016 Integrating technologies for scalable ecology
and conservation. Global Ecol. Conserv. 7, 262–275.
(doi:10.1016/j.gecco.2016.07.002)
53. Hill AP, Prince P, Piña Covarrubias E, Doncaster CP,
Snaddon JL, Rogers A. 2018 AudioMoth: evaluation of a
smart open acoustic device for monitoring biodiversity
and the environment. Methods Ecol. Evolut. 9,
1199–1211. (doi:10.1111/2041-210X.12955)

54. Obrist MK, Duelli P. 2010 Rapid biodiversity
assessment of arthropods for monitoring average
local species richness and related ecosystem
services. Biodivers. Conserv. 19, 2201–2220. (doi:10.
1007/s10531-010-9832-y)

55. Blumstein DT et al. 2011 Acoustic monitoring in
terrestrial environments using microphone arrays:
applications, technological considerations and
prospectus: acoustic monitoring. J. Appl. Ecol. 48,
758–767. (doi:10.1111/j.1365-2664.2011.01993.x)

56. Sugai LSM, Silva TSF, Ribeiro Jr JW, Llusia D. 2019
Terrestrial passive acoustic monitoring: review and
perspectives. BioScience 69, 15–25. (doi:10.1093/
biosci/biy147)

57. Hill AP, Prince P, Snaddon JL, Doncaster CP, Rogers A.
2019 AudioMoth: a low-cost acoustic device for
monitoring biodiversity and the environment.
HardwareX 6, e00073. (doi:10.1016/j.ohx.2019.e00073)

58. Revilla-Martín N, Budinski I, Puig-Montserrat X,
Flaquer C, López-Baucells A. 2021 Monitoring cave-
dwelling bats using remote passive acoustic
detectors: a new approach for cave monitoring.
Bioacoustics 30, 527–542. (doi:10.1080/09524622.
2020.1816492)

59. Roark E, Gaul W. 2021 Monitoring migration timing
in remote habitats: assessing the value of extended
duration audio recording. Avian Conserv. Ecol. 16,
1–10.

60. Lamont TAC et al. 2022 HydroMoth: testing a
prototype low-cost acoustic recorder for aquatic
environments. Remote Sens. Ecol. Conserv. 8,
362–378. (doi:10.1002/rse2.249)

61. Wildlife acoustics. Song Meter Micro. See https://
www.wildlifeacoustics.com/products/song-meter-
micro.

62. Podolskiy EA, Imazu T, Sugiyama S. 2023 Acoustic
sensing of glacial discharge in Greenland. Geophys.
Res. Lett. 50, e2023GL103235. (doi:10.1029/
2023GL103235)

63. Pearce JM. 2020 Economic savings for scientific free
and open source technology: a review. HardwareX
8, e00139. (doi:10.1016/j.ohx.2020.e00139)

64. Fair RJ, Walsh RT, Hupp CD. 2021 The expanding
reaction toolkit for DNA-encoded libraries. Bioorg.
Med. Chem. Lett. 51, 128339. (doi:10.1016/j.bmcl.
2021.128339)

65. Dairawan M, Shetty PJ. 2020 The evolution of DNA
extraction methods. Am. J. Biomedi. Sci. Res. 8, 39.

66. Thomsen PF, Willerslev E. 2015 Environmental DNA –
an emerging tool in conservation for monitoring past
and present biodiversity. Biol. Conserv. 183, 4–18.
(doi:10.1016/j.biocon.2014.11.019)

67. Palmer EJ, Maestre JP, Jarma D, Lu A, Willmann E,
Kinney KA, Kirisits MJ. 2021 Development of a
reproducible method for monitoring SARS-CoV-2 in
wastewater. Sci. Total Environ. 799, 149405. (doi:10.
1016/j.scitotenv.2021.149405)
68. von der Heyden S. 2023 Environmental DNA surveys
of African biodiversity: state of knowledge,
challenges, and opportunities. Environ. DNA 5,
12–17. (doi:10.1002/edn3.363)

69. Lacoursière-Roussel A, Deiner K. 2021 Environmental
DNA is not the tool by itself. J. Fish Biol. 98,
383–386. (doi:10.1111/jfb.14177)

70. Amos W, Whitehead H, Ferrari MJ, Glockner-Ferrari
DA, Payne R, Gordon J. 1992 Restrictable DNA from
sloughed cetacean skin; its potential for use in
population analysis. Mar. Mammal Sci. 8, 275–283.
(doi:10.1111/j.1748-7692.1992.tb00409.x)

71. Shen M, Xiao N, Zhao Z, Guo N, Luo Z, Sun G, Li
J. 2022 eDNA metabarcoding as a promising
conservation tool to monitor fish diversity in
Beijing water systems compared with ground
cages. Sci. Rep. 12, 11113. (doi:10.1038/s41598-
022-15488-w)

72. Nordstrom B, Mitchell N, Byrne M, Jarman S. 2022
A review of applications of environmental DNA for
reptile conservation and management. Ecol. Evol.
12, e8995. (doi:10.1002/ece3.8995)

73. Lock M, van Duren I, Skidmore AK, Saintilan N.
2022 Harmonizing forest conservation policies with
essential biodiversity variables incorporating remote
sensing and environmental DNA technologies.
Forests 13, 445. (doi:10.3390/f13030445)

74. Gostel MR, Kress WJ. 2022 The expanding role of
DNA barcodes: indispensable tools for ecology,
evolution, and conservation. Diversity 14, 213.
(doi:10.3390/d14030213)

75. Pardo MÁ, Jiménez E, Viðarsson JR, Ólafsson K,
Ólafsdóttir G, Daníelsdóttir AK, Pérez-Villareal B.
2018 DNA barcoding revealing mislabeling of
seafood in European mass caterings. Food Control
92, 7–16. (doi:10.1016/j.foodcont.2018.04.044)

76. Yu Y. 2022 Caltech cs155: Machine learning and
data mining lecture 1.

77. Szeliski R. 2022 Computer vision: algorithms and
applications, 2nd edn. New York, NY: Springer
Cham.

78. Reed D, Gannon D, Dongarra J. 2022 Reinventing
high performance computing: challenges and
opportunities. arXiv. (http://arxiv.org/abs/2203.
02544)

79. Cederqvist AM, Thorén Williams A. 2023 An
exploratory case study on student teachers’
experiences of using the AR App Seek by iNaturalist
when learning about plants. In Learning and
collaboration technologies. HCII 2023 (eds P
Zaphiris, A Ioannou), pp. 33–52. Lecture Notes in
Computer Science, vol 14041. Cham, Switzerland:
Springer. (doi:10.1007/978-3-031-34550-0_3)

80. Nugent J. 2018 Birds, binoculars, and biodiversity:
count birds and contribute to citizen science with
the Great Backyard Bird Count. Science Scope 41,
16–18. See https://www.proquest.com/openview/
3e37c95af42752f833a7f539c483bb9c/1?pq-origsite=
gscholar&cbl=36017.

81. Botswana Predator Conservation Trust (2022).
Panthera pardus csv custom export. See https://lila.
science/datasets/leopard-id-2022/.

http://dx.doi.org/10.1111/2041-210X.13512
http://dx.doi.org/10.1111/2041-210X.13512
http://dx.doi.org/10.18848/1835-7156/CGP/v02i01/37290
http://dx.doi.org/10.18848/1835-7156/CGP/v02i01/37290
http://dx.doi.org/10.1007/978-3-319-10602-1_48
https://doi.org/10.1145/1177352.1177355
https://doi.org/10.1145/1177352.1177355
https://arxiv.org/pdf/2106.10377.pdf
http://dx.doi.org/10.1257/0895330054048678
http://dx.doi.org/10.1093/ijlit/eax017
https://doi.org/10.5555/3454287.3455690
https://doi.org/10.5555/3454287.3455690
https://doi.org/10.48550/arXiv.1911.02685
http://dx.doi.org/10.1109/ACCESS.2021.3084358
http://dx.doi.org/10.1111/cobi.13871
http://dx.doi.org/10.1111/conl.12661
http://dx.doi.org/10.1038/nj7653-253a
http://dx.doi.org/10.1016/j.gecco.2016.07.002
http://dx.doi.org/10.1111/2041-210X.12955
http://dx.doi.org/10.1007/s10531-010-9832-y
http://dx.doi.org/10.1007/s10531-010-9832-y
http://dx.doi.org/10.1111/j.1365-2664.2011.01993.x
http://dx.doi.org/10.1093/biosci/biy147
http://dx.doi.org/10.1093/biosci/biy147
http://dx.doi.org/10.1016/j.ohx.2019.e00073
http://dx.doi.org/10.1080/09524622.2020.1816492
http://dx.doi.org/10.1080/09524622.2020.1816492
http://dx.doi.org/10.1002/rse2.249
https://www.wildlifeacoustics.com/products/song-meter-micro
https://www.wildlifeacoustics.com/products/song-meter-micro
https://www.wildlifeacoustics.com/products/song-meter-micro
http://dx.doi.org/10.1029/2023GL103235
http://dx.doi.org/10.1029/2023GL103235
http://dx.doi.org/10.1016/j.ohx.2020.e00139
http://dx.doi.org/10.1016/j.bmcl.2021.128339
http://dx.doi.org/10.1016/j.bmcl.2021.128339
http://dx.doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.scitotenv.2021.149405
https://doi.org/10.1016/j.scitotenv.2021.149405
http://dx.doi.org/10.1002/edn3.363
http://dx.doi.org/10.1111/jfb.14177
http://dx.doi.org/10.1111/j.1748-7692.1992.tb00409.x
http://dx.doi.org/10.1038/s41598-022-15488-w
http://dx.doi.org/10.1038/s41598-022-15488-w
http://dx.doi.org/10.1002/ece3.8995
http://dx.doi.org/10.3390/f13030445
http://dx.doi.org/10.3390/d14030213
https://doi.org/10.1016/j.foodcont.2018.04.044
http://arxiv.org/abs/2203.02544
http://arxiv.org/abs/2203.02544
http://dx.doi.org/10.1007/978-3-031-34550-0_3
https://www.proquest.com/openview/3e37c95af42752f833a7f539c483bb9c/1?pq-origsite=gscholar&cbl=36017
https://www.proquest.com/openview/3e37c95af42752f833a7f539c483bb9c/1?pq-origsite=gscholar&cbl=36017
https://www.proquest.com/openview/3e37c95af42752f833a7f539c483bb9c/1?pq-origsite=gscholar&cbl=36017
https://lila.science/datasets/leopard-id-2022/
https://lila.science/datasets/leopard-id-2022/


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

20:202302

13

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

10
 S

ep
te

m
be

r 
20

23
 

82. Beery S, Cole E, Gjoka A. 2020 The iwildcam 2020
competition dataset. arXiv. (http://arxiv.org/abs/
2004.10340)

83. Beery S, Van Horn G, Perona P. 2018 Recognition in
terra incognita. In Proc. of the European Conf. on
Computer Vision (ECCV), Munich, Germany, 8–14
September, pp. 456–473.

84. Beery S, Morris D, Yang S. 2019 Efficient pipeline for
camera trap image review. arXiv. (http://arxiv.org/
abs/1907.06772)

85. Zellmer AJ, Goto BS. 2022 Urban wildlife corridors:
building bridges for wildlife and people. Front. Sustain.
Cities 4, 954089. (doi:10.3389/frsc.2022.954089)

86. Kay J, Kulits P, Stathatos S, Deng S, Young E, Beery
S, Van Horn G, Perona P. 2022 The Caltech Fish
Counting dataset: a benchmark for multiple-object
tracking and counting. In European Conf. on
Computer Vision (ECCV), Tel Aviv, Israel, 23–27
October.

87. UNEP. 2017 Analysis of the environmental impacts
of illegal trade in wildlife. See https://wedocs.unep.
org/handle/20.500.11822/17554.
88. A Perrault LX, Fang F, Chen H, Tambe M. 2021
Robust reinforcement learning under minimax
regret for green security. In Proc. 37th Conf. on
Uncertainty in Artificial Intelligence (UAI-21), online,
27–30 July.

89. Nuwer RL. 2018 Poached: inside the dark world of
wildlife trafficking. Melbourne, Australia: Hachette
UK.

90. Keskin BB, Griffin EC, Prell JO, Dilkina B, Ferber A,
MacDonald J, Hilend R, Griffis S, Gore ML. 2022
Quantitative investigation of wildlife trafficking
supply chains: a review. Omega 115, 102780.
(doi:10.1016/j.omega.2022.102780)

91. Chen W, Zhang W, Liu D, X Shi WL, Fang F. 2021
Data-driven multimodal patrol planning for anti-
poaching. In AAAI Conf. on Artificial Intelligence,
online, 2–9 February.

92. Cybulski JS, Clements J, Prakash M. 2014 Foldscope:
origami-based paper microscope. PLoS ONE 9,
e98781. (doi:10.1371/journal.pone.0098781)

93. Bhamla MS, Benson B, Chai C, Katsikis G, Johri A,
Prakash M. 2017 Hand-powered ultralow-cost paper
centrifuge. Nat. Biomed. Eng. 1, 1–7. (doi:10.1038/
s41551-016-0009)

94. Xia D, Jin R, Byagathvalli G, Yu H, Ye L, Lu C-Y,
Bhamla MS, Yang C, Prausnitz MR. 2021 An ultra-
low-cost electroporator with microneedle electrodes
(ePatch) for SARS-CoV-2 vaccination. Proc. Natl
Acad. Sci. USA 118, e2110817118. (doi:10.1073/
pnas.2110817118)

95. Loss SR, Will T, Marra PP. 2013 The impact of free-
ranging domestic cats on wildlife of the United
States. Nat. Commun. 4, 1396. (doi:10.1038/
ncomms2380)

96. Loyd KAT, Hernandez SM. 2012 Public perceptions
of domestic cats and preferences for feral cat
management in the Southeastern United States.
Anthrozoös 25, 337–351. (doi:10.2752/
175303712X13403555186299)

97. Willson SK, Okunlola IA, Novak JA. 2015 Birds be
safe: can a novel cat collar reduce avian mortality
by domestic cats (Felis catus)? Global Ecol.
Conserv. 3, 359–366. (doi:10.1016/j.gecco.2015.
01.004)
3
2

http://arxiv.org/abs/2004.10340
http://arxiv.org/abs/2004.10340
http://arxiv.org/abs/1907.06772
http://arxiv.org/abs/1907.06772
http://dx.doi.org/10.3389/frsc.2022.954089
https://wedocs.unep.org/handle/20.500.11822/17554
https://wedocs.unep.org/handle/20.500.11822/17554
http://dx.doi.org/10.1016/j.omega.2022.102780
http://dx.doi.org/10.1371/journal.pone.0098781
http://dx.doi.org/10.1038/s41551-016-0009
http://dx.doi.org/10.1038/s41551-016-0009
http://dx.doi.org/10.1073/pnas.2110817118
http://dx.doi.org/10.1073/pnas.2110817118
http://dx.doi.org/10.1038/ncomms2380
http://dx.doi.org/10.1038/ncomms2380
http://dx.doi.org/10.2752/175303712X13403555186299
http://dx.doi.org/10.2752/175303712X13403555186299
https://doi.org/10.1016/j.gecco.2015.01.004
https://doi.org/10.1016/j.gecco.2015.01.004

	Conservation tools: the next generation of engineering–biology collaborations
	Background and motivation
	Conservation tools vocabulary
	Discussion
	Case study 1: open-source solutions
	Case study 2: environmental DNA
	Case study 3: computer vision
	Case study 4: game theory and optimization
	Case study 5: frugal solutions

	Conclusion
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


