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standards viding automated data acquisition, leading to the accumulation of massive
amounts of camera trap data worldwide. Although management and processing
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help of scalable cyber-infrastructures, harmonization and exchange of the data
remain limited, hindering its full potential. There is currently no widely
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accepted standard for exchanging camera trap data. The only existing proposal,
“Camera Trap Metadata Standard” (CTMS), has several technical shortcomings
and limited adoption. We present a new data exchange format, the Camera
Trap Data Package (Camtrap DP), designed to allow users to easily exchange,
harmonize and archive camera trap data at local to global scales. Camtrap DP
structures camera trap data in a simple yet flexible data model consisting of
three tables (Deployments, Media and Observations) that supports a wide range
of camera deployment designs, classification techniques (e.g., human and Al
media-based and event-based) and analytical use cases, from compiling species
occurrence data through distribution, occupancy and activity modeling to den-
sity estimation. The format further achieves interoperability by building upon
existing standards, Frictionless Data Package in particular, which is supported
by a suite of open software tools to read and validate data. Camtrap DP is the
consensus of a long, in-depth, consultation and outreach process with standard
and software developers, the main existing camera trap data management plat-
forms, major players in the field of camera trapping and the Global Biodiversity
Information Facility (GBIF). Under the umbrella of the Biodiversity Informa-
tion Standards (TDWG), Camtrap DP has been developed openly, collabora-
tively and with version control from the start. We encourage camera trapping
users and developers to join the discussion and contribute to the further devel-
opment and adoption of this standard.

Introduction

Populations of many species across the globe are under-
going dramatic alterations in their abundance and distri-
bution, due to a combination of climate-driven and
anthropogenic impacts that can either favor or negatively
affect species persistence in certain ecosystems (Dornelas
et al, 2019). On the one hand, many species are rapidly
declining due to anthropogenic stressors acting at differ-
ent spatio-temporal scales (Bar-On et al., 2018; Dirzo
et al., 2014; Ripple et al., 2017; Venter et al., 2016). Ter-
restrial large mammals are at high risk of extinction and
this has caused widespread trophic downgrading, that is,
the removal of apex predators and primary consumers
(i.e., large carnivores and herbivores) from a majority of
Earth’s ecosystems (Estes et al., 2011). Indeed, as much as
60% of large herbivore species worldwide are threatened
with extinction (Ripple et al., 2015). As a consequence, a
great loss of food web links has been recorded (Fricke
et al,, 2022), putting important ecological interactions
and functions at risk (Dirzo et al., 2014; IPBES, 2018).
For example, the impact of defaunation on tropical for-
ests (i.e., the “empty forest” syndrome; Redford, 1992)
has compromised key functional relations such as seed
consumption, herbivory, pollination and seed dispersal
(Benitez-Lopez et al., 2019; Bogoni et al., 2023).

On the other hand, extensive areas are experiencing
strong increases in some wildlife populations due to land-
use change such as forest recovery after land abandonment
but also increasing food availability due to forestry and

agricultural practices (Perpina et al., 2018) and successful
conservation policies (e.g., US Endangered Species Act
1973; Habitat Directive EU Commission 1997). As a result,
several medium-to-large-sized herbivores and carnivores
have increased in number and distribution range (from
beaver Castor fiber to red deer Cervus elaphus and white-
tailed deer Odocoileus virgianus to wild boar Sus scrofa,
otter Lutra lutra and wolves Canis lupus; Chapron
et al., 2014; Cimatti et al., 2021). Typically, populations of
smaller, functionally generalist and ecologically plastic spe-
cies increase in human-modified landscapes. However, the
return of the lost ecological functionality of larger animals
is re-establishing more complex ecosystems in some areas
(i.e., trophic up-grading). At the same time, it also increases
the likelihood of conflicts, such as crop damage, depreda-
tion on livestock, browsing impact on natural tree regener-
ation, damage to tree plantations and disease transmission
and traffic accidents at the human—wildlife interface (Apol-
lonio et al., 2017; Coté et al., 2004; Gibb et al., 2020; Martin
et al., 2018; Rodriguez-Morales et al., 2013).

These opposing trends, where wildlife populations are
either strongly declining or increasing, highlight that the
conservation of wildlife and the mitigation of human—
wildlife conflicts are strongly intertwined. To understand
and manage these relations at different spatio-temporal
scales requires big data obtained through extensive net-
works and standardized monitoring protocols (Buxton
et al., 2021; Sutherland et al., 2004).

One well-established method for monitoring wildlife,
and especially medium-to-large mammals, is camera
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trapping, a non-invasive tool to collect field data on ani-
mal abundance, distribution, behavior and temporal
activity across varying spatial scales (Burton et al., 2015;
Delisle et al., 2021; Rovero & Zimmermann, 2016; Wearn
& Glover-Kapfer, 2019). Camera traps are autonomous
devices that, either automatically triggered by the passage
of animals or as time-lapse (see Welbourne et al., 2016),
capture images or videos of a wide range of animals and
are particularly effective in collecting rich data simulta-
neously for many species. In addition, they can capture
“by-catch data” on non-target species, species traits or
background environmental conditions (Hofmeester
et al., 2019; Scotson et al., 2017), making the collected
data useful beyond the scope of the focal species monitor-
ing. Camera traps are used by both professional and citi-
zen scientists (Fraisl et al., 2022; Lasky et al., 2021;
Parsons et al., 2018) with the unique property of produc-
ing records of multiple species occurrences that are verifi-
able as opposed to direct visual observations.

The automated data acquisition provided by camera
trapping has moved wildlife ecology and conservation
into the Big-Data era (Farley et al., 2018; Hampton
et al.,, 2013; Michener & Jones, 2012). The massive accu-
mulation of camera trap data worldwide (over 100 mil-
lion confirmed digital animal observations; Steenweg
et al., 2016; Kays et al., 2020; Delisle et al., 2021) poten-
tially allows for large-scale interdisciplinary research and
low-cost monitoring of wildlife. However, the exploitation
of the full potential of camera trap-derived Big Data
requires effective and scalable (i.e., from local landscapes
to the entire planet) cyber-infrastructures and tools for
collaborative data collection, management, processing,
harmonization and exchange (Farley et al., 2018; Gonzélez
Talavan et al., 2014; Hampton et al., 2013; Sequeira
et al, 2021; Steenweg et al., 2016). Beyond the initial
technical development, these tools need the establishment
of a network of users and a direct involvement of the
entire community to boost their implementation (Urbano
et al., 2021).

In recent years, the global camera trapping community
has made significant progress toward building data man-
agement tools for camera trapping on a wide array of
platforms (Gonzdlez Talavain et al., 2014; Scotson
et al, 2017; Young et al., 2018) including desktop soft-
ware (e.g., Wild.ID, Camelot, Camera Base; Hendry &
Mann, 2018; Tobler, 2022), web applications (e.g., eMam-
mal, Agouti, Wildlife Insights, TRAPPER; Bubnicki
et al., 2016; Ahumada et al.,, 2019; Casaer et al., 2019;
Kays et al., 2020) and analytical packages (e.g., camtrapR,
camtraptor; Niedballa et al.,, 2016; Oldoni et al., 2023).
Progress has also been made in the use of artificial intelli-
gence (Al) to automate camera trap image processing.
Computer vision can be used to efficiently filter out blank
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images (i.e., with no animal pictured on it), as well as
humans (to be filtered out for privacy reasons) and iden-
tify animal species and individuals with high accuracy
(Kellenberger et al., 2020; Norouzzadeh et al., 2018;
Tabak et al., 2018; Vidal et al., 2021). If the pace of inno-
vation continues in this field, most recorded material will
be (semi-)automatically classified in the near future.

User communities have formed around centralized
camera trap data repositories (e.g., Wildlife Insights,
Agouti, Snapshot Safari, EuroCaM), which allow them to
address big questions in wildlife conservation (Ahumada
et al,, 2019; Kays et al.,, 2020; Pardo et al., 2021). These
initiatives are important as they provide essential tools to
many research groups, NGOs or individual researchers
and conservationists to improve image acquisition,
streamline image processing, facilitate data sharing, and
guide and enhance data analysis (Ahumada et al., 2019;
Delisle et al., 2021). Despite these important advances,
arguably the largest portion of the global inventory of
camera trap data remains isolated within individual data
producers. Furthermore, the existing data management
platforms and infrastructures remain relatively discon-
nected, with the risk of duplicated effort and missed
opportunity for data integration. To connect existing data
management platforms, we urgently need a common
exchange format between the existing systems to maxi-
mize the potential of data sharing to address large-scale
questions (Farley et al., 2018; Rowcliffe, 2017; Steenweg
et al., 2016). In other words, there is a strong need to
assure the FAIRness (Wilkinson et al., 2016; Findable
(“F”), Accessible (“A”), Interoperable (“I”), and Reusable
(“R”)) of the global circulation and harmonization of
camera trap datasets in a format which is both machine-
and human-readable.

However, despite its relevance for the community of
ecologists and wildlife practitioners, there is presently no
accepted and used standard for the exchange of camera
trap data. The “Camera Trap Metadata Standard”
(CTMS) published by Forrester et al. (2016) represents an
important step towards this, but has failed to reach wide-
spread adoption. In this paper, we describe a new data
exchange format for camera trap data, the Camera Trap
Data Package (Camtrap DP). It builds upon CTMS and
aims to overcome its shortcomings such as the lack of
maintenance, versioning and widespread promotion, a
limited number of fields to describe deployments, media
and observations, no support for sub-media observations
(e.g., part of video or bounding box on image), and no
built-in mechanism for automatic validation. Camtrap
DP solves these issues and is designed to allow users to
easily exchange, harmonize and archive camera trap data
at local to global scales. Importantly, Camtrap DP is the
consensus of a long, in-depth, consultation process
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among the main existing camera trap data management
platforms as well as some of the major global players in
the field of camera trapping (see author list).

Guiding Principles

We developed Camtrap DP with two guiding principles:
(1) it should allow easy and interoperable data exchange,
and (2) it should be developed openly and
collaboratively.

Interoperable data exchange was achieved in several
ways. Camtrap DP structures camera trap data in a sim-
ple data model that supports a wide range of camera
deployment designs (e.g., simple or systematic random,
clustered, experimental, feature-targeted), classification
techniques (e.g., human and AI, media-based and event-
based) and analytical use cases (from compiling species
occurrence data through distribution, occupancy and
activity modeling to density estimation using different
protocols like Random Encounter Model, spatial capture-
recapture, or distance-sampling). Data can be exchanged
among systems by transforming to and from this model.
Where possible, we used terms from existing standards,
such as Darwin Core (Wieczorek et al., 2012), Audiovi-
sual Core (Audiovisual Core Maintenance Group, 2023),
Dublin Core, DataCite Metadata Schema (DataCite Meta-
data Working Group, 2021) and vocabularies suggested
by Forrester et al. (2016). We decided to adopt Friction-
less Standards (https://specs.frictionlessdata.io), a collec-
tion of open specifications developed by the Frictionless
Data project (Fowler et al., 2018) that offer a standardized
way to describe datasets, data files and tabular data. Their
main specification, Data Package (Walsh & Pollock, 2007),
is a simple container format to package and describe a
collection of files. Frictionless Standards are expressed as
Javascript Object Notation (JSON) schemas—vocabularies
that allow one to annotate and validate JSON documents
—making them machine-readable and extensible. The
machine-readability has led to the development of a suite
of open source software tools (e.g., Frictionless Frame-
work; Open Knowledge Foundation, 2022) in multiple
programming languages to create and validate data: tools
that are available for Camtrap DP users out-of-the-box.
The inherent extensibility of JSON schemas allows com-
munities to expand upon the generic Data Package
requirements with domain-specific metadata and require-
ments. By using Frictionless Standards, Camtrap DP is
both domain-specific and highly interoperable.

Camtrap DP has been developed entirely openly, col-
laboratively, and version-controlled, as is typical for open
source software development. It is licensed under the per-
missive MIT license (https://choosealicense.com/licenses/
mit/), allowing anyone to use it. Suggestions for changes

J. W. Bubnicki et al.

to the standard were, and continue to be, proposed and
discussed in a public issue tracker (https://github.com/
tdwg/camtrap-dp/issues) to which anyone can subscribe
and contribute. During the development of the standard,
suggestions were reviewed, tested and implemented by a
team of software developers and researchers in coding
sprints. Major changes were only implemented after
reaching broad consensus. Useful feedback and new use
cases were received from a wider audience through con-
ference presentations (e.g., Desmet et al., 2021), a webinar
(GBIF Secretariat, 2022) and by inviting co-authors to
this manuscript. Once a number of changes were adopted,
a new version of the standard was released using semantic
versioning. This allows Camtrap DP to continue to evolve
over time, while making sure that software and datasets
referring to older versions of the standard are still valid.
The standard itself is maintained as JSON Schemas, which
are versioned using GitHub and presented as human-
readable documentation at https://camtrap-dp.tdwg.org.

Description of the Standard

Following the Frictionless Data Package specification, a
Camtrap DP dataset contains two types of files: (1) a
JSON descriptor file named datapackage.json with dataset
metadata, and (2) three CSV (comma-separated values)
files with tabular data. The descriptor file also includes
the location and technical description of the data files
(called “Resources”) and thus serves as an entry point to
the dataset. Resources are described with the Data
Resource specification (Walsh & Pollock, 2016), defining
their name, path, encoding and CSV dialect, while the
tabular data itself is described with Table Schema (Walsh
& Pollock, 2012), defining field names, data types,
required formats, constraints, missing values, primary
keys and foreign keys.

The Camtrap DP standard (version 1.0, see Desmet
et al., 2023, https://github.com/tdwg/camtrap-dp/releases/
tag/1.0 and Data S1) extends the Data Package specifica-
tion in two ways. First, it defines a Profile (camtrap-dp-
profile.json) to capture the essential metadata of a camera
trap study. This Profile makes a number of existing Data
Package properties required (contributors and created
date) and adds new ones (e.g., project information, spa-
tial, temporal and taxonomic scope). It purposely limits
the scope of a dataset/package to a single study/project,
which facilitates describing dataset-level properties. Sec-
ondly, it specifies the Resources to capture the data col-
lected by the study. The fields and relationships of these
Resources are described in three Table Schemas (-table-
schema.json). For each property in the Profile and field in
the Table Schemas, the data type and format are defined,
whether it is required or optional, and whether values

4 © 2023 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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should be unique or follow a controlled vocabulary. The
three resources collectively represent a data model to
exchange camera trap data (Fig. 1).

Deployments is a table with information on the
camera trap placements (deployments). It includes the
location (locationID, locationName, latitude, longitude,
coordinateUncertainty), ~ duration  (deploymentStart,
deploymentEnd) and camera settings (e.g., cameraModel,
cameraDelay, cameraHeight). It also allows to record bait
use, feature type, habitat and comments, and to organize
deployments in groups (deploymentGroups).

Media is a table with information on the media files
(images/videos) recorded during deployments (deploymen-
tID). It includes the recorded timestamp, capture method
(motion detection or time lapse) and file information (e.g.,
filePath, filePublic, fileMediatype). No assumptions are
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made regarding the location of the media files themselves:
they can be referenced with a local path or URL.

Observations is a table with information on the obser-
vations (also called classifications) derived from the media
files. It contains information about the classification pro-
cess (eg., classificationMethod, classificationProbability)
and a high-level type (observationType) to separate ani-
mal observations from (typically unwanted) other obser-
vations  (blank, human, vehicle, unknown and
unclassified). Animal observations can further specify the
scientific name, count, life stage, sex, behavior and identi-
fier of the observed individual(s). Fields required for
distance-sampling analyses and random encounter model-
ing (Howe et al,, 2017; Rowcliffe et al., 2008) are available
as well (individualPositionRadius, individualPositionAn-
gle, individualSpeed).

(A) (B)
Project / Study datapackage.json
Metadata describing dataset,
Deployment project and files.
29b7d356
from T1 to T1000
& f deployments.csv
Camera trap placements,
including location, duration and
camera setup.
Media file Media file Media file deplaymentil
59b38bc6 at T200 ccS50edaa at T201 0966e552 at T202
b TN Y \ QL i
1 N " N5 4 deploymentID media.csv
Recorded media files, including
timestamp, capture method and
file path.
medialD
obser obser media event | event | scientificName count
vation vation D Start | End :/ observations.csv
D Level
obs1 media 59b38bc6 | T200 T200 Anas platyrhynchos | 3 Observations derived from
media files (e.g. animal, vehicle,
obs2 media cc50edaa | T201 T201 Anas platyrhynchos a4 blank). At media or event level.
obs3 media 0966€552 | T202 | T202 | Anas platyrhynchos | 4 Observations of animals can
further specify scientific name,
obs4 event T200 T202 Anas platyrhynchos |5 count, life stage, sex, etc.

Figure 1. (A) Schematic representation of a camera trap project: camera traps are deployed at a location for a period (T1-T1000), recording
media files (59b38bc6, cc50edaa, 0966e552). These can be classified into observations at media-level (obs1, obs2, obs3) or event-level (obs4).
The total count of observed individuals for an event can be larger than what can be seen in a single media file. (B) Schema representing the
structure of a Camtrap DP dataset: it contains one metadata file (datapackage.json) and three tabular data files (deployments.csv, media.csv,
observations.csv). Media files can be included in the dataset (not shown) or stored remotely. The relationships between the files are indicated
with lines using entity relationship diagram notation. The line ends represents the cardinality of the relationship, with 0< zero to many, |< one to
many and || exactly one. A deployment for example has zero to many media, while a media belongs to exactly one deployment.
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The table supports two common classification
approaches: media-based and event-based (observationLe-
vel). Media-based observations use a single media file as
their source (medialD). These are especially useful for
machine learning and do not need to be mutually exclu-
sive (e.g., multiple classifications of the same file are
allowed). Event-based observations consider an event with
a specified duration (eventStart, eventEnd) as their source
and can comprise a collection of media files. These are
especially useful for ecological research and analysis
(Meek et al., 2014) and should be mutually exclusive, so
that their count can be summed. In such ecological analy-
sis, important parameters of many species abundance and
density models (e.g., animal group size) can be reliably
assessed (i.e., preventing under- and over-counts) by tak-
ing into account the context information of an entire
sequence of consecutive camera trap records constituting
an ecological event (sensu Meek et al., 2014). Note that
media-based observations can be automatically aggregated
into events using statistical functions or custom algo-
rithms, but might under- or overestimate total group
count (see Fig. 1).

Media-based observations can further refer to a specific
region of interest (ROI) of a media file where an animal
or human was observed. A spatial ROI is expressed as a
bounding box (bboxX, bboxY, bboxWidth, bboxHeight),
specifying the x and y coordinates of the top-left corner
of the bounding box and its width and height, respec-
tively. All values are relative to the absolute width and
height of the media file. A temporal ROI is expressed as
two timestamps (eventStart, eventEnd), specifying the
start and end times in a video file. These sub-media
spatio-temporal ROIs can be used for machine learning
applications (Beery et al., 2019), object tracking and
behavior recognition.

To demonstrate the use of Camtrap DP, we included
an example dataset (Desmet et al., 2022 and Data S2),
versioned with the standard. Like any Camtrap DP data-
set, its datapackage.json file references the version of
Camtrap DP it should comply with. This allows the stan-
dard to evolve to new versions, archived datasets to
remain valid and software implementations to understand
how to interpret the data. Since the datapackage.json ref-
erences the data files, it also allows to directly load
remote data into a programming environment (Desmet &
Oldoni, 2022; Oldoni et al., 2023). Camtrap DP datasets
can be transformed to species occurrence data expressed
as Darwin Core Archives (Darwin Core Maintenance
Group, 2021), as demonstrated by the write_csv() func-
tion in the “camtraptor” R package (https://inbo.github.
io/camtraptor/reference/write_dwc.html; Oldoni
et al., 2023). Since Darwin Core is designed as a cross-
domain biodiversity information standard (Wieczorek
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et al.,, 2012), this transformation loses some information
by design, both in width (excluding camera-trap-specific
terms) and length (excluding non-animal observations,
such as blank sequences).

Discussion

The increase in camera trap data and its availability offers
not only exciting opportunities but also important chal-
lenges to overcome. Thus far, camera trapping has not
achieved its full potential for standardization, reuse and
scaling-up from local to global spatial domains (Steenweg
et al., 2016). We think that facilitating the exchange of
camera trap data can stimulate the creation of informa-
tion that is critically needed to address relevant challenges
in wildlife conservation and management. Through this
publication, we provide a missing piece for the global
camera trap data infrastructure, Camtrap DP, which we
propose as a standard for exchanging camera trap data in
a FAIR, open and both machine- and human-readable
way. This data exchange standard enables the camera
trapping community to take the next steps towards more
collaborative and open research, using specialized soft-
ware, big data, sophisticated image recognition algorithms
and large cyber-infrastructures (Farley et al., 2018).

The role of Camtrap DP

Camtrap DP will facilitate interoperable and robust data
flow between all relevant global camera trap cyber-
infrastructure components, offline databases and individ-
ual participants (Hanke et al., 2021). In this way, the pos-
sibility of frictionless harmonization of camera trap data
produced by a globally distributed network of researchers
and conservationists will help with "harnessing its collec-
tive power" (Hampton et al., 2013) and addressing major
environmental problems related to wildlife conservation
and management.

One of the fundamental principles of Camtrap DP is
its simplicity. This does not preclude its robustness in
organizing tabular data and providing rich metadata con-
tent. This has been shown by several other data-intensive
scientific communities where similar solutions (i.e., based
on the Frictionless Data specification) have been devel-
oped and adopted in diverse scientific domains, for exam-
ple, electricity system modeling (Wiese et al., 2019),
experimental life sciences (Jacob et al., 2020), marine
microbiology (Ponsero et al., 2020) or the monitoring of
a COVID-19 outbreak in India using a citizen science
approach (Ulahannan et al., 2020).

Since the Camtrap DP standard captures essential meta-
data about a camera trap study, it can also be used as a for-
mat to archive data in line with FAIR principles. FAIR
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publishing or archiving data on research repositories (e.g.,
Zenodo, DataOne, Dataverse, Figshare, OSF or Dryad) pre-
vents data loss and facilitates reuse, and is increasingly
demanded by funders and journals. We recommend archiv-
ing/publishing data through the Global Biodiversity Infor-
mation Facility (GBIF) (see section Facilitating adoption of
Camtrap DP). Sensitive data can be restricted or general-
ized if necessary (see Chapman, 2020; Lennox et al., 2020).
For example, access to images of threatened species can be
restricted, deployment coordinates can be generalized or
roughly indicated, and people names can be replaced with
anonymous identifiers.

Camtrap DP can also stimulate the development of
standardized camera trap data processing pipelines,
including those focused on the application of Artificial
Intelligence/Machine Learning methods for automatic
image recognition (Kellenberger et al., 2020; Tabak
et al., 2018) and the automation of camera trap data anal-
ysis using already well-established statistical frameworks
for modeling, for example, species distribution, species
richness, activity patterns, occupancy and abundance
(Rovero & Zimmermann, 2016; Wearn & Glover-
Kapfer, 2017). Apart from one valuable initiative, https://
lila.science, most of the publicly available camera trap
datasets that could be used to train Al models remain
fragmented, difficult to find and have low accessibility.
Camtrap DP will facilitate creating and publishing open,
harmonized, findable and easily accessible datasets of
annotated images and videos of wildlife species recorded
in different ecosystems worldwide. The findability and
interoperability will enable camera trap data to be har-
vested from public or private API endpoints (e.g., from
GBIF, Zenodo or camera trap data management systems)
and processed in high-performance cloud computing
environments.

How does Camtrap DP extend the Camera
Trap Metadata Standard (CTMS)?

The Camtrap DP development has been based upon an
open, collaborative and community-oriented approach,
which should reduce the risk of becoming outdated with
no maintenance and versioning, as is unfortunately occur-
ring for CTMS (Forrester et al., 2016). Similar to Darwin
Core (Wieczorek et al., 2012), we envision Camtrap DP
as a community-driven and evolving standard. This flexi-
bility seems to be especially important given rapid devel-
opment in ecological and conservation technology, with
camera trapping not being an exception.

Camtrap DP builds upon the first effort to standardize
camera trap data (CTMS) in important ways. It structures
the data in a simple yet flexible data model, contains equiv-
alents of all CTMS fields for which use cases were found,

Camtrap DP: An Open Standard For Camera Trap Data

adds new fields to capture more information about deploy-
ments, media (e.g., their file location) and observed species
(e.g., sex and life stage). It supports the expression of obser-
vations at the level of (ecological) events (Meek et al., 2014;
sequence in CTMS), media and sub-media (e.g., detected
objects encompassed by bounding boxes). This approach
better enables the development and training of Al models
(media-level) as well as ecological analysis (event-level).
Animal observations include fields for animal sex, life stage,
behavior, individual identifier and more. Rather than a sin-
gle file (JSON or XML in CTMS), data are organized in a
descriptor file (JSON) for dataset/project-level metadata
and tables for deployments, media and observations. We
recommend the use of CSV files, but any other serialization
format supported by Table Schema (including JSON) is
valid. Data tables are linked together via foreign keys, thus
mimicking the structure of relational database system
(Fowler et al., 2018).

Camtrap DP is based on a well-established framework
and it comes with a suite of open source software tools in
multiple programming languages to create, validate and
read camera trap data packages. The JSON Schemas
enable validation of dataset metadata, structure, required
fields and compliance of values with controlled vocabular-
ies, another important improvement over CTMS.

Is Camtrap DP FAIR?

As Camtrap DP is directly derived from the Frictionless
Data specification it automatically inherits most of the
basic principles of FAIRness (Wilkinson et al., 2016),
https://www.go-fair.org/fair-principles). =~ For  example,
principles supported out-of-the-box include the possibil-
ity to assign a globally unique and persistent identifier to
the dataset and each data record (Findability: fair princi-
ple “F17), Profile and Table Schemas describing all (meta)
data properties with rich metadata (Findability: “F2”,
“F3”; Reusability: “R1”), access to all elements of the
dataset over http (Accessibility: “A1”), and the possibility
to clearly define a dataset license (Reusability: “R1.17).
The Interoperability principles are supported by the pack-
age descriptor concept, which uses an accessible, shared,
broadly applicable and machine-readable format (JSON)
and vocabularies (JSON schemas) to describe package
metadata and its specification. The latter has a great
potential for new extensions. Moreover, the CSV format
is a well-established, simple, compact and machine-
readable standard for storing and exchanging tabular data.
Camtrap DP extends the base support for the FAIRness
principles provided by the Frictionless Data specification
in the following manner:

* Findability (“F”) and Reusability (“R”). We include
three dataset-level terms to indicate spatial, temporal and
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taxonomic coverage. The latter is especially useful since
camera trapping datasets often contain a large amount of
so-called by-catch data (Scotson et al., 2017).

* Accessibility (“A”). Allowing data to be shared with or
without the access to original media files provides more
granular levels of accessibility.

* Interoperability (“I”). Term equivalents from other
standardized vocabularies (Darwin Core, Dublin Core,
Audiovisual Core, DataCite Metadata Schema) are indi-
cated whenever applicable using Simple Knowledge Orga-
nization System (SKOS) identifiers such as skos:
exactMatch.

* Reusability (“R”). Reusability is further bolstered by
proposing Camtrap DP as a domain-relevant community
standard (“R1.3”) for camera trap data and by including
package-level metadata such as project ownership, pub-
lished references and sampling methodology (“R1.2”).

Extending Camtrap DP

Through open collaborative development and version
tracking, Camtrap DP can be easily improved or extended
in response to feedback from the camera trapping commu-
nity, following the methodology described in the Guiding
Principles. An example of a potential extension of Camtrap
DP is the integration of a separate table for animals that
can be identified at the individual level using physical fea-
tures such as distinct fur, feather or skin patterns or even
using facial recognition algorithms (Vidal et al, 2021).
Similarly, an extra table with detailed descriptions of ani-
mal behavior captured by camera trap videos could be con-
sidered in future releases and incorporated into the core
Camtrap DP structure when agreed by the community.

However, Camtrap DP also comes with a built-in exten-
sion mechanism that allows users to add additional infor-
mation to the core structure of a data package themselves
and remain compliant with the standard. This can be
achieved by defining new Resources in a data package
descriptor file, adding the corresponding data files to the
data folder, and defining a JSON schema for each new
resource. For example, adding an extra attribute describing
the health condition of observed animals would involve
creating a table health.csv, adding it as a new resource to
datapackage.json and defining a new schema with the first
column being a foreign key to the observations.csv table
and the second providing categorical or numerical infor-
mation about the health status of the observed individual.
This new table would then be automatically validated by
Camtrap DP along with the core tables.

Moreover, we also believe that Camtrap DP provides a
solid basis for further application in (semi-)automated
media capture by sensors that are not fixed in one loca-
tion (e.g., mounted on drones, autonomous underwater
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vehicles, etc.). Camtrap DP could potentially also be
extended to other types of remote sensing data, such as
observations from PhenoCams (Richardson et al., 2018),
which are used to monitor vegetation phenology and
other environmental variables, including snow cover onset
(Kosmala et al., 2018). The same extension mechanisms
as described above could be used. This would broaden
the scope of Camtrap DP beyond wildlife camera trap-
ping and make it more attractive to a multidisciplinary
audience.

Facilitating adoption of Camtrap DP

Community-wide adoption of a data standard requires
implementation by existing systems and applications.
Many authors of this paper are maintainers of software
tools used by the camera trapping community, which
should facilitate the adoption of Camtrap DP. On the
production side, it is critically important that camera trap
data management systems add support for Camtrap DP
as an export format. Agouti and Trapper have already
done so, and Wildlife Insights, eMammal and the R pack-
age “camtrapR” all officially support the development and
release of Camtrap DP, with plans to incorporate seamless
conversion between Camtrap DP and their native data
formats. The R package “camtraptor” (Oldoni et al,
2023) was developed to facilitate the consumption of
Camtrap DP. It provides functionality to read, explore,
filter, transform and visualize Camtrap DP datasets, and
aims to support the conversion of datasets to the latest
version of Camtrap DP, combining datasets for cross-
study analyses and closer integration with “camtrapR”.
The publication of Camtrap DP datasets is supported by
GBIF (Reyserhove et al., 2023) and has been implemented
as a data publication format in the forthcoming version 3
release of their Integrated Publishing Toolkit (IPT; Rob-
ertson et al., 2014; GBIF Secretariat, 2023). Using the
IPT, researchers can upload their camera trap data, trans-
form it to the standard, document it with metadata using
a graphical user interface, publish the dataset and register
it with GBIF for harvesting and increased findability. The
demonstrated ability to transform Camtrap DP to Darwin
Core allows GBIF to integrate these data with other spe-
cies occurrence data.

Equally important to software implementation, is
building trust within a community toward a proposed
solution (Urbano et al.,, 2021). This can be achieved by
an open, collaborative and community-oriented develop-
ment process (Wieczorek et al., 2012) and active promo-
tion within the existing networks of camera trap data
producers (Urbano et al., 2021). The support from
trusted and well-recognized organizations can also be of
critical importance. We hope to facilitate that trust by
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developing Camtrap DP under the umbrella of the Biodi-
versity Information Standards (TDWG), a non-profit
organization dedicated to developing biodiversity infor-
mation standards and responsible for maintaining well-
known and commonly used standards such as Darwin
Core or Audiovisual Core. Through TDWG we can also
seek sustainable maintenance, community review and rati-
fication as a standard. Through outreach and collabora-
tion, Camtrap DP is now supported by GBIF and
recommended by GigaScience Press as the submission
format for camera trap data in their journals GigaScience
and GigaByte.

Finally, it is worth noting that by using the Camtrap
DP data exchange format, users are by no means forced
to make their datasets publicly available. Camtrap DP is
designed to facilitate data exchange between researchers
and institutions and to ensure that the data can be easily
shared and reused in the future. However, the decision to
make the data publicly available is entirely up to the data
owner. This can be especially important, for example, for
long-term camera trap studies and researchers who are
open to sharing their datasets with others on request, but
are not willing to publish their data in an open access
mode (Mills et al., 2015).

A common data model for camera trap data

While Camtrap DP answers the need for a data exchange
model and format, it would be good if it was underpinned
by a comprehensive data model for the whole camera trap-
ping domain—one that models and defines all domain-
relevant concepts, can fully capture datasets without
redundancy, ambiguity or partiality, cross-references terms
and synonyms and can act as a rosetta stone for users of
different management systems, thus facilitating the transla-
tion of data to Camtrap DP. Although such a comprehen-
sive Camtrap Data Model (Camtrap DM) is not the
subject of this paper, its in-depth analysis and description
are planned for future publication.

Conclusions

The rapid generation of large and harmonized camera
trap datasets, together with the development of standard-
ized and accessible Al-driven data processing pipelines,
will allow ecologists to learn more about wildlife commu-
nity ecology, including human-wildlife coexistence across
large-scale ecological gradients of human pressure and
landscape configuration. Conservationists and policy-
makers can capitalize on this knowledge to make
informed science-based management decisions and
encourage cooperation between countries, engaging in
dialog with stakeholders (wildlife managers, farmers,
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NGOs, policy makers) and promoting best practices in
wildlife management methods.

As technological innovations in camera trapping con-
tinue at a rapid pace, many camera trap research teams
face significant challenges when managing, classifying, re-
using and sharing datasets that often contain thousands
of media files. Using efficient infrastructure and tools at
hand, the data from various camera trap projects can be
harmonized and integrated to address scientific and con-
servation goals. As an open, evolving standard for the
FAIR exchange and archive of camera trap data, Camtrap
DP represents an important step toward a global data
sharing workflow with rapid results and thus more timely
science-based wildlife management recommendations.
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the current version.

References

Ahumada, J.A., Fegraus, E., Birch, T., Flores, N., Kays, R,,
O’Brien, T.G. et al. (2019) Wildlife insights: a platform to
maximize the potential of camera trap and other passive
sensor wildlife data for the planet. Environmental
Conservation, 47, 1-6. Available from: https://doi.org/10.
1017/50376892919000298

Apollonio, M., Belkin, V.V., Borkowski, J., Borodin, O.L.,
Borowik, T., Cagnacci, F. et al. (2017) Challenges and
science-based implications for modern management and
conservation of European ungulate populations. Mammal
Research, 62, 209-217. Available from: https://doi.org/10.
1007/s13364-017-0321-5

Audiovisual Core Maintenance Group. (2023) Audiovisual
core introduction. http://rs.tdwg.org/ac/doc/introduction/
2023-02-24

Bar-On, Y.M., Phillips, R. & Milo, R. (2018) The biomass
distribution on earth. Proceedings of the National Academy of
Sciences of the United States of America, 115, 6506—6511.
Available from: https://doi.org/10.1073/pnas.1711842115

Beery, S., Morris, D. & Yang, S. (2019) Efficient Pipeline for
Camera Trap Image Review (Version 1). arXiv https://doi.
0rg/10.48550/ARXIV.1907.06772

Benitez-Lépez, A., Santini, L., Schipper, A.M., Busana, M. &
Huijbregts, M.A.J. (2019) Intact but empty forests? Patterns
of hunting-induced mammal defaunation in the tropics.
PLoS Biology, 17, €3000247. Available from: https://doi.org/
10.1371/journal.pbio.3000247

Bogoni, J.A., Percequillo, A.R., Ferraz, KM.P.M.B. & Peres,
C.A. (2023) The empty forest three decades later: lessons
and prospects. Biotropica, 55, 13—18. Available from: https://
doi.org/10.1111/btp.13188

Bubnicki, J.W., Churski, M. & Kuijper, D.P.J. (2016)
TRAPPER: an open source web-based application to manage
camera trapping projects. Methods in Ecology and Evolution,
7, 1209-1216. Available from: https://doi.org/10.1111/2041-
210X.12571

Burton, A.C., Neilson, E., Moreira, D., Ladle, A., Steenweg, R.,
Fisher, J.T. et al. (2015) Wildlife camera trapping: a review
and recommendations for linking surveys to ecological
processes. Journal of Applied Ecology, 52, 675—685. Available
from: https://doi.org/10.1111/1365-2664.12432

Buxton, R.T., Nyboer, E.A., Pigeon, K.E., Raby, G.D.,
Rytwinski, T., Gallagher, A.J. et al. (2021) Avoiding wasted
research resources in conservation science. Conservation
Science and Practice, 3, €329. Available from: https://doi.org/
10.1111/csp2.329

10 © 2023 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.

J. W. Bubnicki et al.

Casaer, J., Milotic, T., Liefting, Y., Desmet, P. & Jansen, P.
(2019) Agouti: a platform for processing and archiving of
camera trap images. Biodiversity Information Science and
Standards, 3, e46690. Available from: https://doi.org/10.
3897/biss.3.46690

Chapman, A. (2020). Current best practices for generalizing
sensitive species occurrence data. Copenhagen: GBIF
Secretariat. https://doi.org/10.15468/DOC-5]P4-5G10.

Chapron, G., Kaczensky, P., Linnell, ].D.C., von Arx, M.,
Huber, D., Andrén, H. et al. (2014) Recovery of large
carnivores in Europe’s modern human-dominated
landscapes. Science, 346, 1517—1519. Available from: https://
doi.org/10.1126/science.1257553

Cimatti, M., Ranc, N., Benitez-Lépez, A., Maiorano, L.,
Boitani, L., Cagnacci, F. et al. (2021) Large carnivore
expansion in Europe is associated with human population
density and land cover changes. Diversity and Distributions,
27, 602—617. Available from: https://doi.org/10.1111/ddi.
13219

Coté, S.D., Rooney, T.P., Tremblay, J.-P., Dussault, C. &
Waller, D.M. (2004) Ecological impacts of deer
overabundance. Annual Review of Ecology, Evolution, and
Systematics, 35, 113—147. Available from: https://doi.org/10.
1146/annurev.ecolsys.35.021103.105725

Darwin Core Maintenance Group. (2021). Darwin core text
guide. Available from: http://rs.tdwg.org/dwc/terms/guides/
text/2021-07-15.

DataCite Metadata Working Group. (2021) DataCite metadata
schema documentation for the publication and citation of
research data and other research outputs. Version 4.4.
https://doi.org/10.14454/3w3z-sa82

Delisle, Z.J., Flaherty, E.A., Nobbe, M.R., Wzientek, C.M. &
Swihart, RK. (2021) Next-generation camera trapping:
systematic review of historic trends suggests keys to
expanded research applications in ecology and conservation.
Frontiers in Ecology and Evolution, 9, 1-18. Available from:
https://doi.org/10.3389/fevo.2021.617996

Desmet, P., Bubnicki, J. & Norton, B. (2021) Camtrap DP: a
frictionless data exchange format for camera trapping data.
Biodiversity Information Science and Standards, 5, ¢73188.
Available from: https://doi.org/10.3897/biss.5.73188

Desmet, P., Bubnicki, J.W., & Camtrap DP Development
Team. (2023). Camtrap DP (1.0). Biodiversity Information
Standards (TDWG). https://doi.org/10.5281/zenodo.
10068760.

Desmet, P., Neukermans, A. & Cartuyvels, E. (2022). MICA —
muskrat and coypu camera trap observations in Belgium,
The Netherlands and Germany. Available from: https://
camtrap-dp.tdwg.org/example/.

Desmet, P. & Oldoni, D. (2022). Frictionless: read and write
frictionless data packages. R package version 1.0.2. Available
from: https://cran.r-project.org/package=frictionless

Dirzo, R., Young, H.S., Galetti, M., Ceballos, G., Isaac, N.J.B.
& Collen, B. (2014) Defaunation in the anthropocene.

ASUADIT SUOWWO)) dANEAI)) d[qearjdde oy Aq pausaA0S a1e sa[o1Ie Y o8N JO S9[NI 10§ A1eIqI durju() A3[IA\ UO (SUOIIPUOI-PUEB-SULID} W0 AA[ 1M ATeIqi[auruo//:sdyyy) suonipuo)) pue suua ] 3yl 998 “[€z0z/z1/01] uo A1eiqry surjuQ Ad[Ipy © sKe] puejoy Aq $£€ 78120010 1/10p/wod Ka[im Kreiqiourjuosuonesrjqnd|sz//:sdny woiy papeojumo( 0 ‘S8£9S07


https://github.com/tdwg/camtrap-dp
https://doi.org/10.1017/s0376892919000298
https://doi.org/10.1017/s0376892919000298
https://doi.org/10.1007/s13364-017-0321-5
https://doi.org/10.1007/s13364-017-0321-5
http://rs.tdwg.org/ac/doc/introduction/2023-02-24
http://rs.tdwg.org/ac/doc/introduction/2023-02-24
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.48550/ARXIV.1907.06772
https://doi.org/10.48550/ARXIV.1907.06772
https://doi.org/10.1371/journal.pbio.3000247
https://doi.org/10.1371/journal.pbio.3000247
https://doi.org/10.1111/btp.13188
https://doi.org/10.1111/btp.13188
https://doi.org/10.1111/2041-210X.12571
https://doi.org/10.1111/2041-210X.12571
https://doi.org/10.1111/1365-2664.12432
https://doi.org/10.1111/csp2.329
https://doi.org/10.1111/csp2.329
https://doi.org/10.3897/biss.3.46690
https://doi.org/10.3897/biss.3.46690
https://doi.org/10.15468/DOC-5JP4-5G10
https://doi.org/10.1126/science.1257553
https://doi.org/10.1126/science.1257553
https://doi.org/10.1111/ddi.13219
https://doi.org/10.1111/ddi.13219
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
http://rs.tdwg.org/dwc/terms/guides/text/2021-07-15
http://rs.tdwg.org/dwc/terms/guides/text/2021-07-15
https://doi.org/10.14454/3w3z-sa82
https://doi.org/10.3389/fevo.2021.617996
https://doi.org/10.3897/biss.5.73188
https://doi.org/10.5281/zenodo.10068760
https://doi.org/10.5281/zenodo.10068760
https://camtrap-dp.tdwg.org/example/
https://camtrap-dp.tdwg.org/example/
https://cran.r-project.org/package=frictionless

J. W. Bubnicki et al.

Science, 345, 401-406. Available from: https://doi.org/10.
1126/science.1251817

Dornelas, M., Gotelli, N.J., Shimadzu, H., Moyes, F.,
Magurran, A.E. & McGill, B.J. (2019) A balance of winners

and losers in the Anthropocene. Ecology Letters, 22, 847—-854.

Available from: https://doi.org/10.1111/ele.13242

Estes, J.A., Terborgh, J., Brashares, ].S., Power, M.E., Berger, J.,
Bond, W.J. et al. (2011) Trophic downgrading of planet
earth. Science, 333, 301-306. Available from: https://doi.org/
10.1126/science.1205106

Farley, S.S., Dawson, A., Goring, S.J. & Williams, J.W. (2018)
Situating ecology as a big-data science: current advances,
challenges, and solutions. Bioscience, 68, 563—576. Available
from: https://doi.org/10.1093/biosci/biy068

Forrester, T., O’Brien, T., Fegraus, E., Jansen, P., Palmer, J.,
Kays, R. et al. (2016) An open standard for camera trap
data. Biodiversity Data Journal, 4, €10197. Available from:
https://doi.org/10.3897/BD]J.4.e10197

Fowler, D., Barratt, J. & Walsh, P. (2018) Frictionless data:
making research data quality visible. International Journal of
Digital Curation, 12, 274-285. Available from: https://doi.
org/10.2218/ijdc.v12i2.577

Fraisl, D., Hager, G., Bedessem, B., Gold, M., Hsing, P.-Y.,
Danielsen, F. et al. (2022) Citizen science in environmental
and ecological sciences. Nature Reviews Methods Primers, 2,
64. Available from: https://doi.org/10.1038/543586-022-
00144-4

Fricke, E.C., Hsieh, C., Middleton, O., Gorczynski, D.,
Cappello, C.D., Sanisidro, O. et al. (2022) Collapse of
terrestrial mammal food webs since the late Pleistocene.
Science, 377, 1008-1011. Available from: https://doi.org/10.
1126/science.abn4012

GBIF Secretariat. (2022) Exploring camera-trap data. https://
www.gbif.org/event/f68927-b5c1-4ac8-adac-7d47645/
exploring-camera-trap-data

GBIF Secretariat. (2023) GBIF previews major update to IPT
software. https://www.gbif.org/news/
4AsCd7TXg6iCZh328H0yPp/gbif-previews-major-update-to-
ipt-software

Gibb, R., Redding, D.W., Chin, K.Q., Donnelly, C.A.,
Blackburn, T.M., Newbold, T. et al. (2020) Zoonotic host
diversity increases in human-dominated ecosystems. Nature,
584, 398—402. Available from: https://doi.org/10.1038/
$41586-020-2562-8

Gonzalez Talavan, A., Athreya, V., Chavan, V., Ghosh-Harihar,
M., Hanssen, F., Harihar, A. et al. (2014) Publishing camera
trap data, a best practice guide. http://www.gbif.org/orc/?
doc_id=6045

Hampton, S.E., Strasser, C.A., Tewksbury, J.J., Gram, W.K.,
Budden, A.E., Batcheller, A.L. et al. (2013) Big data and the
future of ecology. Frontiers in Ecology and the Environment,
11, 156-162. Available from: https://doi.org/10.1890/120103

Hanke, M., Pestilli, F., Wagner, A.S., Markiewicz, C.J., Poline,
J.-B. & Halchenko, Y.O. (2021) In defense of decentralized

Camtrap DP: An Open Standard For Camera Trap Data

research data management. e-Neuroforum, 27, 17-25.
Available from: https://doi.org/10.1515/nf-2020-0037

Hendry, H. & Mann, C. (2018) Camelot-intuitive software for
camera-trap data management. Oryx, 52, 15. Available from:
https://doi.org/10.1017/s0030605317001818

Hofmeester, T.R., Young, S., Juthberg, S., Singh, N.J.,
Widemo, F., Andrén, H. et al. (2019) Using by-catch data
from wildlife surveys to quantify climatic parameters and
timing of phenology for plants and animals using camera
traps. Remote Sensing in Ecology and Conservation, 6, 129—
140. Available from: https://doi.org/10.1002/rse2.136

Howe, E.J., Buckland, S.T., Després-Einspenner, M.-L. & Kiihl,
H.S. (2017) Distance sampling with camera traps. Methods
in Ecology and Evolution, 8, 1558—1565. Available from:
https://doi.org/10.1111/2041-210x.12790

IPBES. (2018) The IPBES assessment report on land degradation
and restoration. Bonn, Germany: Secretariat of the
Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services. Available from: https://doi.org/10.
5281/zenodo.3237392

Jacob, D., David, R., Aubin, S. & Gibon, Y. (2020) Making
experimental data tables in the life sciences more FAIR: a
pragmatic approach. GigaScience, 9(12), giaal44. Available
from: https://doi.org/10.1093/gigascience/giaal44

Kays, R., McShea, W.]. & Wikelski, M. (2020) Born-digital
biodiversity data: millions and billions. Diversity and
Distributions, 26, 644—648. Available from: https://doi.org/
10.1111/ddi.12993

Kellenberger, B., Tuia, D. & Morris, D. (2020) Aide:
accelerating image-based ecological surveys with interactive
machine learning. Methods in Ecology and Evolution, 11,
1716-1727. Available from: https://doi.org/10.1111/2041-
210x.13489

Kosmala, M., Hufkens, K. & Richardson, A.D. (2018)
Integrating camera imagery, crowdsourcing, and deep
learning to improve high-frequency automated monitoring
of snow at continental-to-global scales. PLoS One, 13,
€0209649. Available from: https://doi.org/10.1371/journal.
pone.0209649

Lasky, M., Parsons, A., Schuttler, S., Mash, A., Larson, L.,
Norton, B. et al. (2021) Candid critters: challenges and
solutions in a large-scale citizen science camera trap project.
Citizen Science: Theory and Practice, 6, 4. Available from:
https://doi.org/10.5334/cstp.343

Lennox, R.J., Harcourt, R., Bennett, J.R., Davies, A., Ford,
A.T., Frey, RM. et al. (2020) A novel framework to protect
animal data in a world of ecosurveillance. Bioscience, 70,
468-476. Available from: https://doi.org/10.1093/biosci/
biaa035

Martin, J., Vourc’h, G., Bonnot, N., Cargnelutti, B., Chaval, Y.,
Lourtet, B. et al. (2018) Temporal shifts in landscape
connectivity for an ecosystem engineer, the roe deer, across
a multiple-use landscape. Landscape Ecology, 33, 937-954.
Available from: https://doi.org/10.1007/s10980-018-0641-0

© 2023 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 11

ASUADIT SUOWWO)) dANEAI)) d[qearjdde oy Aq pausaA0S a1e sa[o1Ie Y o8N JO S9[NI 10§ A1eIqI durju() A3[IA\ UO (SUOIIPUOI-PUEB-SULID} W0 AA[ 1M ATeIqi[auruo//:sdyyy) suonipuo)) pue suua ] 3yl 998 “[€z0z/z1/01] uo A1eiqry surjuQ Ad[Ipy © sKe] puejoy Aq $£€ 78120010 1/10p/wod Ka[im Kreiqiourjuosuonesrjqnd|sz//:sdny woiy papeojumo( 0 ‘S8£9S07


https://doi.org/10.1126/science.1251817
https://doi.org/10.1126/science.1251817
https://doi.org/10.1111/ele.13242
https://doi.org/10.1126/science.1205106
https://doi.org/10.1126/science.1205106
https://doi.org/10.1093/biosci/biy068
https://doi.org/10.3897/BDJ.4.e10197
https://doi.org/10.2218/ijdc.v12i2.577
https://doi.org/10.2218/ijdc.v12i2.577
https://doi.org/10.1038/s43586-022-00144-4
https://doi.org/10.1038/s43586-022-00144-4
https://doi.org/10.1126/science.abn4012
https://doi.org/10.1126/science.abn4012
https://www.gbif.org/event/f68927-b5c1-4ac8-a4ac-7d47645/exploring-camera-trap-data
https://www.gbif.org/event/f68927-b5c1-4ac8-a4ac-7d47645/exploring-camera-trap-data
https://www.gbif.org/event/f68927-b5c1-4ac8-a4ac-7d47645/exploring-camera-trap-data
https://www.gbif.org/news/4AsCd7TXg6iCZh328H0yPp/gbif-previews-major-update-to-ipt-software
https://www.gbif.org/news/4AsCd7TXg6iCZh328H0yPp/gbif-previews-major-update-to-ipt-software
https://www.gbif.org/news/4AsCd7TXg6iCZh328H0yPp/gbif-previews-major-update-to-ipt-software
https://doi.org/10.1038/s41586-020-2562-8
https://doi.org/10.1038/s41586-020-2562-8
http://www.gbif.org/orc/?doc_id=6045
http://www.gbif.org/orc/?doc_id=6045
https://doi.org/10.1890/120103
https://doi.org/10.1515/nf-2020-0037
https://doi.org/10.1017/s0030605317001818
https://doi.org/10.1002/rse2.136
https://doi.org/10.1111/2041-210x.12790
https://doi.org/10.5281/zenodo.3237392
https://doi.org/10.5281/zenodo.3237392
https://doi.org/10.1093/gigascience/giaa144
https://doi.org/10.1111/ddi.12993
https://doi.org/10.1111/ddi.12993
https://doi.org/10.1111/2041-210x.13489
https://doi.org/10.1111/2041-210x.13489
https://doi.org/10.1371/journal.pone.0209649
https://doi.org/10.1371/journal.pone.0209649
https://doi.org/10.5334/cstp.343
https://doi.org/10.1093/biosci/biaa035
https://doi.org/10.1093/biosci/biaa035
https://doi.org/10.1007/s10980-018-0641-0

Camtrap DP: An Open Standard For Camera Trap Data

Meek, P.D., Ballard, G., Claridge, A., Kays, R., Moseby, K.,
O’Brien, T. et al. (2014) Recommended guiding principles
for reporting on camera trapping research. Biodiversity and
Conservation, 23, 2321-2343. Available from: https://doi.org/
10.1007/s10531-014-0712-8

Michener, W.K. & Jones, M.B. (2012) Ecoinformatics:
supporting ecology as a data-intensive science. Trends in
Ecology & Evolution, 27, 85-93. Available from: https://doi.
org/10.1016/j.tree.2011.11.016

Mills, J.A., Teplitsky, C., Arroyo, B., Charmantier, A., Becker,
P.H., Birkhead, T.R. et al. (2015) Archiving primary data:
solutions for long-term studies. Trends in Ecology &
Evolution, 30, 581-589. Available from: https://doi.org/10.
1016/j.tree.2015.07.006

Niedballa, J., Sollmann, R., Courtiol, A. & Wilting, A. (2016)
Camtrapr: an R package for efficient camera trap data
management. Methods in Ecology and Evolution, 7, 1457—
1462. Available from: https://doi.org/10.1111/2041-210x.
12600

Norouzzadeh, M.S., Nguyen, A., Kosmala, M., Swanson, A.,
Palmer, M.S., Packer, C. et al. (2018) Automatically
identifying, counting, and describing wild animals in
camera-trap images with deep learning. Proceedings of the
National Academy of Sciences, 115, E5716-E5725. Available
from: https://doi.org/10.1073/pnas.1719367115

Oldoni, D., Desmet, P. & Huybrechts, P. (2023) camtraptor:
Read, Explore and Visualize Camera Trap Data Packages. R
package version 0.21.0. https://github.com/inbo/camtraptor/

Open Knowledge Foundation. (2022) Frictionless framework:
data management framework for python that provides
functionality to describe, extract, validate, and transform
tabular data. https://framework.frictionlessdata.io

Pardo, L.E., Bombaci, S.P., Huebner, S., Somers, M.]., Fritz,
H., Downs, C., Guthmann, A., Hetem, R.S., Keith, M.,
Roux, A. le, Mgqatsa, N., Packer, C., Palmer, M.S., Parker,
D.M,, Peel, M., Slotow, R., Strauss, W.M., Swanepoel, L.,
Tambling, C., Tsie, N., Vermeulen, M., Willi, M., Jachowski,
D.S. & Venter, J.A. (2021). Snapshot safari: a large-scale
collaborative to monitor Africa’s remarkable biodiversity.
South African Journal of Science 117, 1—4. https://doi.org/10.
17159/sajs.2021/8134.

Parsons, A.-W., Goforth, C., Costello, R. & Kays, R. (2018) The
value of citizen science for ecological monitoring of
mammals. Peer], 6, e4536. Available from: https://doi.org/10.
7717/peer;j.4536

Perpina, C.C., Kavalov, B., Ribeiro, B.R., Diogo, V., Jacobs, C.,
Batista, E.S.F., Baranzelli, C. & Lavalle, C. (2018). Territorial
facts and trends in the EU rural areas within 2015-2030
(No. JRC114016). European Commission. https://
publications.jrc.ec.europa.eu/repository/handle/JRC114016.
https://doi.org/10.2760/525571

Ponsero, A.J., Bomhoff, M., Blumberg, K., Youens-Clark, K,
Herz, N.M., Wood-Charlson, E.M. et al. (2020) Planet
Microbe: a platform for marine microbiology to discover

J. W. Bubnicki et al.

and analyze interconnected ‘omics and environmental data.
Nucleic Acids Research, 49(D1), D792-D802. Available from:
https://doi.org/10.1093/nar/gkaa637

Redford, K.H. (1992) The empty Forest: many large animals
are already ecologically extinct in vast areas of neotropical
forest where the vegetation still appears intact. Bioscience,
42, 412-422. Available from: https://doi.org/10.2307/1311860

Reyserhove, L., Norton, B. & Desmet, P. (2023). Best practices
for managing and publishing camera trap data. Community
review draft. Copenhagen, Denmark: GBIF Secretariat.
https://doi.org/10.35035/doc-0qzp-2x37.

Richardson, A.D., Hufkens, K., Milliman, T., Aubrecht, D.M.,
Chen, M., Gray, J.M. et al. (2018) Tracking vegetation
phenology across diverse north American biomes using
PhenoCam imagery. Scientific Data, 5, 180028. Available
from: https://doi.org/10.1038/sdata.2018.28

Ripple, W.J., Newsome, T.M., Wolf, C., Dirzo, R., Everatt,
K.T., Galetti, M. et al. (2015) Collapse of the World’s largest
herbivores. Science Advances, 1, e1400103. Available from:
https://doi.org/10.1126/sciadv.1400103

Ripple, W.J., Wolf, C., Newsome, T.M., Galetti, M., Alamgir,
M., Crist, E. et al. (2017) World Scientists’ warning to
humanity: a second notice. Bioscience, 67, 1026—1028.
Available from: https://doi.org/10.1093/biosci/bix125

Robertson, T., Doring, M., Guralnick, R., Bloom, D.,
Wieczorek, J., Braak, K. et al. (2014) The GBIF integrated
publishing toolkit: facilitating the efficient publishing of
biodiversity data on the internet. PLoS One, 9, €102623.
Available from: https://doi.org/10.1371/journal.pone.0102623

Rodriguez-Morales, B., Diaz-Varela, E.R. & Marey-Pérez, M.F.
(2013) Spatiotemporal analysis of vehicle collisions involving
wild boar and roe deer in NW Spain. Accident; Analysis and
Prevention, 60, 121-133. Available from: https://doi.org/10.
1016/j.aap.2013.07.032

Rovero, F. & Zimmermann, F. (2016) Camera trapping for
wildlife research. Exeter, UK: Pelagic Publishing.

Rowcliffe, J.M. (2017) Key frontiers in camera trapping
research. Remote Sensing in Ecology and Conservation, 3,
107-108. Available from: https://doi.org/10.1002/rse2.65

Rowcliffe, J.M., Field, J., Turvey, S.T. & Carbone, C. (2008)
Estimating animal density using camera traps without the
need for individual recognition. Journal of Applied Ecology,
45, 1228-1236. Available from: https://doi.org/10.1111/].
1365-2664.2008.01473.x

Scotson, L., Johnston, L.R., Iannarilli, F., Wearn, O.R., Mohd-
Azlan, J., Wong, W.M. et al. (2017) Best practices and
software for the management and sharing of camera trap
data for small and large scales studies. Remote Sensing in
Ecology and Conservation, 3, 158—172. Available from:
https://doi.org/10.1002/rse2.54

Sequeira, AM.M., O’Toole, M., Keates, T.R., McDonnell, L.H.,
Braun, C.D., Hoenner, X. et al. (2021) A standardisation
framework for bio-logging data to advance ecological
research and conservation. Methods in Ecology and Evolution,

12 © 2023 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.

ASUADIT SUOWWO)) dANEAI)) d[qearjdde oy Aq pausaA0S a1e sa[o1Ie Y o8N JO S9[NI 10§ A1eIqI durju() A3[IA\ UO (SUOIIPUOI-PUEB-SULID} W0 AA[ 1M ATeIqi[auruo//:sdyyy) suonipuo)) pue suua ] 3yl 998 “[€z0z/z1/01] uo A1eiqry surjuQ Ad[Ipy © sKe] puejoy Aq $£€ 78120010 1/10p/wod Ka[im Kreiqiourjuosuonesrjqnd|sz//:sdny woiy papeojumo( 0 ‘S8£9S07


https://doi.org/10.1007/s10531-014-0712-8
https://doi.org/10.1007/s10531-014-0712-8
https://doi.org/10.1016/j.tree.2011.11.016
https://doi.org/10.1016/j.tree.2011.11.016
https://doi.org/10.1016/j.tree.2015.07.006
https://doi.org/10.1016/j.tree.2015.07.006
https://doi.org/10.1111/2041-210x.12600
https://doi.org/10.1111/2041-210x.12600
https://doi.org/10.1073/pnas.1719367115
https://github.com/inbo/camtraptor/
https://framework.frictionlessdata.io
https://doi.org/10.17159/sajs.2021/8134
https://doi.org/10.17159/sajs.2021/8134
https://doi.org/10.7717/peerj.4536
https://doi.org/10.7717/peerj.4536
https://publications.jrc.ec.europa.eu/repository/handle/JRC114016
https://publications.jrc.ec.europa.eu/repository/handle/JRC114016
https://doi.org/10.2760/525571
https://doi.org/10.1093/nar/gkaa637
https://doi.org/10.2307/1311860
https://doi.org/10.35035/doc-0qzp-2x37
https://doi.org/10.1038/sdata.2018.28
https://doi.org/10.1126/sciadv.1400103
https://doi.org/10.1093/biosci/bix125
https://doi.org/10.1371/journal.pone.0102623
https://doi.org/10.1016/j.aap.2013.07.032
https://doi.org/10.1016/j.aap.2013.07.032
https://doi.org/10.1002/rse2.65
https://doi.org/10.1111/j.1365-2664.2008.01473.x
https://doi.org/10.1111/j.1365-2664.2008.01473.x
https://doi.org/10.1002/rse2.54

J. W. Bubnicki et al.

12, 996-1007. Available from: https://doi.org/10.1111/2041-
210x.13593

Steenweg, R., Hebblewhite, M., Kays, R., Ahumada, J., Fisher,
J.T., Burton, C. et al. (2016) Scaling-up camera traps:
monitoring the Planet’s biodiversity with networks of
remote sensors. Frontiers in Ecology and the Environment, 15,
26-34. Available from: https://doi.org/10.1002/fee.1448

Sutherland, W.J., Pullin, A.S., Dolman, P.M. & Knight, T.M.
(2004) The need for evidence-based conservation. Trends in
Ecology & Evolution, 19, 305-308. Available from: https://
doi.org/10.1016/j.tree.2004.03.018

Tabak, M.A., Norouzzadeh, M.S., Wolfson, D.W., Sweeney,
S.J., Vercauteren, K.C., Snow, N.P. et al. (2018) Machine
learning to classify animal species in camera trap images:
applications in ecology. Methods in Ecology and Evolution,
10, 585-590. Available from: https://doi.org/10.1111/2041-
210x.13120

Tobler, M. (2022) Camera Base Version 1.8. http://www.
atrium-biodiversity.org/tools/camerabase/

Ulahannan, J.P., Narayanan, N., Thalhath, N., Prabhakaran, P.,
Chaliyeduth, S., Suresh, S.P. et al. (2020) A citizen science
initiative for open data and visualization of COVID-19
outbreak in Kerala, India. Journal of the American Medical
Informatics Association, 27(12), 1913-1920. Available from:
https://doi.org/10.1093/jamia/ocaa203

Urbano, F., Cagnacci, F. & Euromammals. (2021) Data
management and sharing for collaborative science: lessons
learnt from the Euromammals initiative. Frontiers in Ecology
and Evolution, 9, 727023. Available from: https://doi.org/10.
3389/fevo.2021.727023

Venter, O., Sanderson, E.W., Magrach, A., Allan, J.R., Beher,
J., Jones, K.R. et al. (2016) Sixteen years of change in the
global terrestrial human footprint and implications for
biodiversity conservation. Nature Communications, 7,
12558. Available from: https://doi.org/10.1038/
ncomms12558

Vidal, M., Wolf, N., Rosenberg, B., Harris, B.P. & Mathis, A.
(2021) Perspectives on individual animal identification from
biology and computer vision. Integrative and Comparative
Biology, 61, 900-916. Available from: https://doi.org/10.
1093/icb/icab107

Walsh, P. & Pollock, R. (2007) Data package. Version 1.
https://specs.frictionlessdata.io/data-package/

Walsh, P. & Pollock, R. (2012) Table schema. Version 1.
https://specs.frictionlessdata.io/table-schema/

Camtrap DP: An Open Standard For Camera Trap Data

Walsh, P. & Pollock, R. (2016) Data Resource. Version 1
https://specs.frictionlessdata.io/data-resource/

Wearn, O.R. & Glover-Kapfer, P. (2017) Camera-trapping for
conservation: a guide to best-practices, vol. 1. WWEF
Conservation Technology Series. UK: WWEF-UK Woking
UK.

Wearn, O.R. & Glover-Kapfer, P. (2019) Snap happy: camera
traps are an effective sampling tool when compared with
alternative methods. Royal Society Open Science, 6, 181748.
Available from: https://doi.org/10.1098/rs0s.181748

Welbourne, D.J., Claridge, A.W., Paull, D.J. & Lambert, A.
(2016) How do passive infrared triggered camera traps
operate and why does it matter? Breaking down common
misconceptions. Remote Sensing in Ecology and Conservation,
2, 77-83. Available from: https://doi.org/10.1002/rse2.20

Wieczorek, J., Bloom, D., Guralnick, R., Blum, S., Déring, M.,
Giovanni, R. et al. (2012) Darwin core: an evolving
community-developed biodiversity data standard. PLoS One,
7, €29715. Available from: https://doi.org/10.1371/journal.
pone.0029715

Wiese, F., Schlecht, 1., Bunke, W.-D., Gerbaulet, C., Hirth, L.,
Jahn, M. et al. (2019) Open Power System Data —
Frictionless data for electricity system modelling. Applied
Energy, 236, 401-409. Available from: https://doi.org/10.
1016/j.apenergy.2018.11.097

Wilkinson, M.D., Dumontier, M., Aalbersberg, 1.]., Appleton,
G., Axton, M., Baak, A. et al. (2016) The fair guiding
principles for scientific data management and stewardship.
Scientific Data, 3, 160018. Available from: https://doi.org/10.
1038/sdata.2016.18

Young, S., Rode-Margono, J. & Amin, R. (2018) Software to
facilitate and streamline camera trap data management: a
review. Ecology and Evolution, 8, 9947-9957. Available from:
https://doi.org/10.1002/ece3.4464

Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Data S1. Human-readable documentation for Camtrap
DP version 1.0. See https://camtrap-dp.tdwg.org for the
current version.

Data S2. Example dataset for Camtrap DP version 1.0.

© 2023 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 13

ASUADIT SUOWWO)) dANEAI)) d[qearjdde oy Aq pausaA0S a1e sa[o1Ie Y o8N JO S9[NI 10§ A1eIqI durju() A3[IA\ UO (SUOIIPUOI-PUEB-SULID} W0 AA[ 1M ATeIqi[auruo//:sdyyy) suonipuo)) pue suua ] 3yl 998 “[€z0z/z1/01] uo A1eiqry surjuQ Ad[Ipy © sKe] puejoy Aq $£€ 78120010 1/10p/wod Ka[im Kreiqiourjuosuonesrjqnd|sz//:sdny woiy papeojumo( 0 ‘S8£9S07


https://doi.org/10.1111/2041-210x.13593
https://doi.org/10.1111/2041-210x.13593
https://doi.org/10.1002/fee.1448
https://doi.org/10.1016/j.tree.2004.03.018
https://doi.org/10.1016/j.tree.2004.03.018
https://doi.org/10.1111/2041-210x.13120
https://doi.org/10.1111/2041-210x.13120
http://www.atrium-biodiversity.org/tools/camerabase/
http://www.atrium-biodiversity.org/tools/camerabase/
https://doi.org/10.1093/jamia/ocaa203
https://doi.org/10.3389/fevo.2021.727023
https://doi.org/10.3389/fevo.2021.727023
https://doi.org/10.1038/ncomms12558
https://doi.org/10.1038/ncomms12558
https://doi.org/10.1093/icb/icab107
https://doi.org/10.1093/icb/icab107
https://specs.frictionlessdata.io/data-package/
https://specs.frictionlessdata.io/table-schema/
https://specs.frictionlessdata.io/data-resource/
https://doi.org/10.1098/rsos.181748
https://doi.org/10.1002/rse2.20
https://doi.org/10.1371/journal.pone.0029715
https://doi.org/10.1371/journal.pone.0029715
https://doi.org/10.1016/j.apenergy.2018.11.097
https://doi.org/10.1016/j.apenergy.2018.11.097
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1002/ece3.4464
https://camtrap-dp.tdwg.org

	 Abstract
	 Introduction
	 Guiding Principles
	 Description of the Standard
	rse2374-fig-0001

	 Discussion
	 The role of Camtrap�DP
	 How does Camtrap DP extend the Camera Trap Metadata Standard (CTMS)?
	 Is Camtrap DP�FAIR?
	 Extending Camtrap�DP
	 Facilitating adoption of Camtrap�DP
	 A common data model for camera trap�data

	 Conclusions
	 Author contributions
	 Acknowledgments
	 Data availability statement

	 References
	rse2374-bib-0001
	rse2374-bib-0002
	rse2374-bib-0003
	rse2374-bib-0004
	rse2374-bib-0502
	rse2374-bib-0005
	rse2374-bib-0006
	rse2374-bib-0007
	rse2374-bib-0008
	rse2374-bib-0009
	rse2374-bib-0010
	rse2374-bib-0011
	rse2374-bib-0012
	rse2374-bib-0013
	rse2374-bib-0014
	rse2374-bib-0015
	rse2374-bib-0016
	rse2374-bib-0017
	rse2374-bib-0018
	rse2374-bib-0019
	rse2374-bib-0020
	rse2374-bib-0021
	rse2374-bib-0022
	rse2374-bib-0023
	rse2374-bib-0024
	rse2374-bib-0025
	rse2374-bib-0027
	rse2374-bib-0028
	rse2374-bib-0029
	rse2374-bib-0030
	rse2374-bib-0031
	rse2374-bib-0032
	rse2374-bib-0033
	rse2374-bib-0034
	rse2374-bib-0035
	rse2374-bib-0036
	rse2374-bib-0037
	rse2374-bib-0038
	rse2374-bib-0039
	rse2374-bib-0040
	rse2374-bib-0504
	rse2374-bib-0041
	rse2374-bib-0042
	rse2374-bib-0043
	rse2374-bib-0044
	rse2374-bib-0045
	rse2374-bib-0046
	rse2374-bib-0047
	rse2374-bib-0048
	rse2374-bib-0049
	rse2374-bib-0050
	rse2374-bib-0051
	rse2374-bib-0052
	rse2374-bib-0053
	rse2374-bib-0054
	rse2374-bib-0055
	rse2374-bib-0056
	rse2374-bib-0505
	rse2374-bib-0057
	rse2374-bib-0058
	rse2374-bib-0059
	rse2374-bib-0060
	rse2374-bib-0061
	rse2374-bib-0062
	rse2374-bib-0063
	rse2374-bib-0064
	rse2374-bib-0065
	rse2374-bib-0066
	rse2374-bib-0067
	rse2374-bib-0068
	rse2374-bib-0069
	rse2374-bib-0070
	rse2374-bib-0071
	rse2374-bib-0072
	rse2374-bib-0506
	rse2374-bib-0073
	rse2374-bib-0074
	rse2374-bib-0075
	rse2374-bib-0076
	rse2374-bib-0077
	rse2374-bib-0078
	rse2374-bib-0079
	rse2374-bib-0080
	rse2374-bib-0081
	rse2374-bib-0082
	rse2374-bib-0503
	rse2374-bib-0083
	rse2374-bib-0084

	rse2374-supitem

