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Abstract

1.

Wildlife face a myriad of challenges due to changing climate and land use regimes
that necessitate efficient monitoring methods on large geospatial scales. This

monitoring is increasingly accomplished with remotely deployed trail cameras
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2. However, remote wildlife monitoring comes with data management challenges,
such as storing, organizing and analysing large volumes of digital data. Data man-

agement tools can assist biologists in managing projects to reduce the barriers

Correspondence
Therese Donovan
Email: tdonovan@uvm.edu

between data collection and dissemination of results.
3. AMMonitor is an R package for remote wildlife monitoring with greatly increased

functionality in the version 2 release, including a new database structure, support
Funding information

U.S. Geological Survey for both photographs and audio monitoring, a rich graphical user interface (Shiny)

Handling Editor: Miguel Acevedo that includes media labelling tools, integration of machine learning classification
outputs and 20 in-depth tutorials.

4. As a fully open-source data management solution, AMMonitor is highly accessible,
extensible and customizable, making it especially useful for students and users
with some coding experience who desire a standardized yet flexible data manage-
ment framework.

5. AMMonitor project data can be released to the public via the USGS ScienceBase
data repository, where released projects can be reconstituted by AMMonitor

functions.
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1 | INTRODUCTION

well-informed resource management decisions (Fuller et al., 2020;
Polasky et al., 2011). Remote monitoring via camera trapping and audio

In a time of rapid global change, effective wildlife monitoring meth- recorders, collectively referred to as autonomous monitoring units

ods are essential for tracking species responses and for making (AMUs), has gained popularity for monitoring multiple taxa in both
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terrestrial and marine environments. Audio recorders capture sounds
like animal calls, providing insights into species presence, behaviour
and communication. In contrast, camera trapping offers visual confir-
mation, documenting physical traits, interactions and activities. AMUs
can provide broad spatiotemporal coverage, capturing signals of target
wildlife in the vast troves of digital data they accumulate.

These data present both opportunities and challenges to biolo-
gists whose training may not have included the data management
tasks associated with AMUs. Even modestly sized monitoring proj-
ects can bury researchers under terabytes of data that must be
stored, organized and analysed. Shepherding data from the field to
the file system and extracting meaningful information about target
wildlife from media data can be a bottleneck in monitoring projects.
Thus, tools for efficiently moving from data collection to results and
analysis are paramount.

Several open-source software options exist for managing moni-
toring data collected by trail cameras (e.g. see Hendry & Mann, 2017;
Ivan & Newkirk, 2016; Niedballa et al., 2016), and online platforms
include cloud storage and the ability to run machine learning (ML)
models (Ahumada et al., 2020; WildEye, 2023). For acoustic moni-
toring, software options include both open source (Program, 2014)
and subscription-based platforms that feature cloud storage and
the ability to run ML models that search for acoustic signals (Aide
et al., 2013). Finally, online platforms for managing for both trail
camera and acoustic data offer storage, the ability to run ML models,
and offer a supporting R package for working with data (MacPhail
et al., 2024).

All of these efforts are crucial contributions for tackling the bio-
diversity crisis the world now faces. However, there is a need for
an analysis framework targeted towards individual users, one that
synthesizes both camera and acoustic monitoring data, data man-
agement, tagging and ML models within a singular framework.
AMMonitor is an open-source alternative that can be flexibly used
by any number of investigators to address a wide variety of eco-
logical questions and that promotes collaboration through a shared
database structure.

AMMonitor (pronounced ‘A-M-monitor’) stands for ‘monitoring
for adaptive management’ and is an R package of the same name. It
is an analysis ecosystem (R+SQLite + media storage) that seamlessly
incorporates wildlife monitoring data, ML models and tagging, all of
which can feed into species distribution models and decision tools.
The analysis ecosystem is characterized by:

1. Continuous stream of data collection on a variety of wildlife taxa:
AMUs, such as trail cameras or audio recorders allow the re-
mote capture of digital files that form the backbone of wildlife
monitoring. AMUs can be deployed at small or large scales,
over short- or long-time frames and are inexpensive relative
to human-based surveys.

2. Standardized yet flexible data and metadata infrastructure: A stand-
ardized data infrastructure is critical to store files with strict
metadata standards so that data can be easily incorporated into
open access repositories or shared between projects.

3. Rapid analysis: Vast quantities of AMU data may be collected rap-
idly, rendering manual inspection for target wildlife species im-
practical. Accordingly, ML models (developed within AMMonitor
or external to AMMonitor) can be used to automatically detect
wildlife species in recordings and photographs, avoiding the time-
consuming task of manual annotation. ML outputs can be seam-
lessly incorporated into species distribution models and updated

as new data are collected via continuous monitoring.

Each AMMonitor project utilizes the same approach, visualized
in Figure 1:

The first iteration of AMMonitor (Balantic & Donovan, 2020;
Donovan et al.,, 2021) builds on the R package, monitoR (Katz
et al.,, 2016), for acoustic monitoring programmes. The second it-
eration of AMMonitor significantly expands on the first (Clarfeld,
Tang, Huber, et al., 2024). Primary developments include: Expanded
media support for wildlife monitoring with trail cameras; a user-
friendly interface for running analyses and working with data via R
Shiny (Chang et al., 2022), including image and audio taggers; a re-
designed SQLite database to expand functionality, improve memory
usage and performance and maintain compatibility with Postgres
for served databases; support for a variety of cloud-based storage
options for storing media files using APIs from the Google Drive
(D'Agostino McGowan & Bryan, 2023), Microsoft365R (Ooi, 2023)
and aws.s3 (Leeper, 2020) packages; functions that enable the cre-
ation of no-code cell phone apps, such as Survey123 and Google
AppSheet for field data collection; updated R functions that stream-
line data analysis; improved ability to develop template-based audio
ML models; ability to incorporate labels produced by external ML
models, such as from Microsoft's MegaDetector (Beery et al., 2019)
or Cornell Lab of Ornithology's BirdNET (Kahl et al., 2021); a suite
of learnr tutorials that introduce users to the AMMonitor 2 software
and approach; and functions that reconstitute AMMonitor projects

that have been released on the USGS ScienceBase repository.

2 | THE AMMonitor 2 PACKAGE
2.1 | Getting started

The canonical home of AMMonitor is https://code.usgs.gov/vtcfw
ru/ammonitor, where updated guidance on installation can be found
and where users can post issues, create merge requests and down-
load development versions.

The current release can be installed from this site with the fol-

lowing code:

# Increase the timeout (for slow downloads)
getOption("timeout")
options(timeout = 300)

# Install with the remotes package
remotes::install_gitlab(
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FIGURE 1 Adaptive management cycle
employed by AMMonitor: (a) Wildlife data
are collected by AMUs. (b) R functions
upload media files to a local machine

or to the cloud. (c) Media files can be
tagged by humans and/or analysed with
machine learning models that automate
the species detection process. (d) Raw and
post-processed data are maintained in the
project's SQLite database. (e) R functions
and scripts permit rapid, reproducible
analyses of species distribution models
and resulting maps, regularly updated
along with metadata as new data are
analysed. (f) These products can be the
building blocks of decision analysis,
continually updated as knowledge
evolves, enabling decisions to be made
with the most current information.

WSQLite

repo = "vtcfwru/ammonitor@2.1.0",
auth_token = Sys.getenv("GITLAB_PAT"),
host = "code.usgs.gov",

build_vignettes = FALSE,

dependencies = TRUE,

upgrade = "never"

# Load the package
library(AMMonitor)

AMMonitor requires R version 4.4 or greater. For a
full package description, including all dependencies, run
utils::packageDescription(AMMonitor’).

The function ammCreateDirectories() creates a new AMMonitor
project, generating an AMMonitor project folder within the spec-
ified parent directory. For example, the following code will cre-
ate an AMMonitor project called ‘myProject’ within R's working

directory:

# Create the AMMonitor directory structure and capture the filepath
fp <- ammCreateDirectories(

amm_dirname = "myProject",

filepath = getwd())

This project directory contains 16 subdirectories for specific el-
ements of the monitoring framework. Of these, two are required: (1)
the ‘database’ directory, which stores the project's SQLite database,
and (2) the ‘settings’ directory, which stores text files that contain
project settings.

The dbCreate() function will create a new SQLite database to
track all elements of the monitoring project, including people,

(f) Objectives,

(a) Remote

hypotljgses data
& decision ;
collection
support
(e) Models (b) Local/ ?
and species cloud storage .\
distribution AMMonitor & ® ’
mapping ScienceBase «
(d) Raw and (c) Tagging &
processed machine

data learning

equipment, monitoring locations, media file metadata, tags and ML
results.

# Create a new AMMonitor SQLite database
dbCreate(
new_db_name = "my_project_ AMM.sqlite",
new_db_filepath = file.path(fp, "database"))

From here, the user can begin populating their empty database
with project-specific information. Importantly, the database itself
does not store media files; instead, it stores metadata about those
files. Media files may be stored within the ‘photos’ and ‘record-
ings’ directories in an AMMonitor project or on an external drive.
Alternatively, AMMonitor now supports several cloud storage op-
tions for media files.

To assist users who are getting started, AMMonitor includes a
demo project and database (created with the ammCreateMiniDemo()
function) that is populated with metadata and linked media files
from a fictional project in Middle-earth. This ‘mini demo’ will be the
basis for workable examples going forward.

# Create the AMMonitor demo project and capture the filepath
fp <- ammCreateMiniDemo(filepath = tempdir())

2.2 | Interacting with the database

In contrast with the first iteration of AMMonitor, which required the
user to run commands for the package through function calls, the
new AMMonitor Shiny app provides an accessible, intuitive graphical
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interface for working with the database and running queries, viewing/
labelling media data and running mini-apps that perform guided analy-

ses (introduced later). The Shiny app can be launched with the laun-

chApp() function:
launchApp(fp)

Once launched, a user can log in with a person ID from the da-
tabase's ‘people’ table (the ‘unknownPerson’ ID can be used for new
projects; Figure 2).

The left menu provides access to the database, ‘mini-apps’ that
guide users through a given analysis, and photograph and audio
tools. As shown, the demo project includes 25 photographs and
one audio recording. The database is the backbone of an AMMonitor
project, and includes 45 tables for storing a wide range of project
metadata, including ‘equipment’, ‘locations’, ‘visits’, ‘media’, ‘annota-
tions’, ‘models’ and ‘modeloutputs’. In the app's ‘database’ tab, a user
can add/edit/delete database records, although many table entries
are added via AMMonitor functions. For example, the temporalsGet()
function scrapes weather data using the rnoaa package (Chamberlain
& Hocking, 2023) and inserts them into the ‘temporals’ table, while
the taxaAdd() function uses the ritis package (Chamberlain, 2021) to
insert taxonomic entries from the Integrated Taxonomic Information
System into the ‘taxa’ table. For some linked tables, related records
can be viewed as subtables. For example, Figure 3 shows the ‘loca-
tions’ table, where the ‘visits’ subtable is nested and shows all field
visits associated with ‘locationA’. Tables are sortable and filterable.
For more advanced querying, a user can use the ‘Custom Queries’
tab to enter arbitrary SQL code for retrieving records.

Alternatively, R users who prefer a code-based approach instead

of a point and click interface can bypass the Shiny dashboard and

AMMonitor

ﬁ Home

£ Database

Select user

® Apps

sgamgee
(@ Photo Tools

) Audio Tools

Locations: 3

Photos: 25

interact with the database directly. This is achieved by creating a
database connection with the dbSetCon() function, and then using
AMMonitor functions or functions from the package DBI (R Special

Interest Group on Databases et al., 2023).

# Set a connection the database

conx <- dbSetCon(file.path(fp, "database", "demo.sglite"))

# Read in the locations table

locations <- DBI::dbReadTable(conn = conx, name = "locations")

# Add code here to work with the locations table in R

head(locations)

The ‘dbdictionary’ table is a crucial table. It stores the da-
tabase dictionary that provides definitions for all tables and
fields within the database. The database format was designed to
be flexible to accommodate a wide variety of projects but in-
cludes ‘core’ columns for each table to enforce a standardized
naming across projects and facilitate data sharing. However, the
database is also extensible for projects that require more cus-
tomization. For instance, if a user wanted to add a field named
‘directions’ to the ‘locations’ table, they could do so with the
dbAddUserCol() function, which adds the column and updates the

database dictionary.

2.3 | Labelling media content with shiny

A core functionality of AMMonitor's Shiny app is the ability to view,

listen to, annotate and verify labels for any photographs or recordings.

Welcome to AMMonitor! Please select a valid person ID to sign in.

Hello, Samwise, you are now signed into the database!

Recordings: 1

FIGURE 2 AMMonitor's launchApp() function will launch the Shiny application, providing a friendly graphical user interface for working

with an AMMonitor project.
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AMMonitor

Database Custom Queries

Welcome to the AMMonitor database!

Program Mgt Targets Equipment Info Location Info Media Tag Info

locations spatials

Click on an existing record to edit or delete

temporallists temporals

< Refresh Table

< 1 of1 > [ show & Download Table
Filters
Total records found: 4
pk_locationid spatial_geom location_type fk_spatialid lat
etry
& 4 locationA point monitoring_st 43.2
ation
pk_visitid  fk_personid fk_locationid
1 fbaggins locationA
4 fbaggins locationA
7 fbaggins locationA
10 fbaggins locationA
13 fbaggins locationA
16 fbaggins locationA
> locationB point monitoring_st 433
ation

ML Models Dev

long datum description X

-712.7 WGS84

Description of
site locationA

(2] (] [+]

fk_equipmentid visit_type visit_date
recorderl set 2023-01-01
cameral set 2023-01-01
recorderl check 2023-09-30
cameral check 2023-09-30
recorderl pull 2023-12-31
cameral pull 2023-12-31

-72.8 WGS84 Description of

site locationB

(2] (] [+]

FIGURE 3 AMMonitor's database front-end, illustrating a view of the locations table, showing a subtable with each visit for a selected location.

For this, AMMonitor's photograph and audio tools allow users to inter-
act with media files stored locally or in the cloud (Figure 4).

AMMonitor allows taxonomic labels to be applied to media with
bounding boxes and audio timestamps (e.g. there is a chickadee at min-
ute 1.20 in this audio file). Taxonomic labels can be further described
with ‘adjectives’ defined in the other database tables (e.g. age, sex,
number of individuals). Non-taxonomic and media-level labels are also
supported.

2.4 | AMMonitor mini-apps

In addition to the database front-end and media tools, AMMonitor's
mini-apps provide users with guided, step-by-step analyses. For ex-
ample, the ‘registerVisit’ mini-app consists of seven tabs that guide
users through the process of uploading new media files and register-

ing the media metadata into the database (Figure 5). All mini-apps

are built using shinymgr, an R package for building, managing, and
stitching shiny modules into reproducible workflows (Clarfeld,
Tang, & Donovan, 2024). This not only gives AMMonitor's mini-apps
a standardized, sequential, tab-based approach, but also makes
AMMonitor easily extensible, with the ability for developers to add
new mini-apps created with shinymgr and further increase the func-
tionality of AMMonitor. These new contributions can be officially
incorporated into the AMMonitor package via a merge request at

https://code.usgs.gov/vtcfwru/ammonitor.

3 | TUTORIALS

AMMonitor includes 20 interactive tutorials that can be launched
using the package learnr (Aden-Buie et al., 2023). Here, we use
learnr's available_tutorials() function to display the first 5 tutorials

(see S1 for the full list of current tutorials).
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Audio Player
Recording Filters & Settings

Recording 1 of 1; FileName: 1.wav; Location: locationA; Date/Time: 2023-05-05 06:02:49
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12+

Frequency (kHz)
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FIGURE 4 Audio player (top) and photo
viewer (bottom) are some of the media
tools that allow AMMonitor users to view,
listen to, annotate and verify labels for
photographs and recordings.

Time (s)

Previous Spec Next Spec

Previous file Next file
Taxon Tags

ID  person taxon Start time (s) Endtime(s)  Minfreq(KHz) Maxfreq(KHz) libraryid item value_num
[ ] a—
v 26(3)
O bbaggins btnw pBEY 2.58 3.53 6.63
e} bbaggins btnw 111 258 3.53 6.63 recording_chec  template
kbox

o] bbaggins btnw 111 2.58 3.53 6.63 vocalization_ty ~ song

Photo Viewer

Image Filters & Settings

Photo 1 of 25; File Name: locationB_camera2_20230318_213034_48.JPG; Location: locationB; Date/Time: 2023-03-18 21:30:34

03-18-2023 21:30
Previous photo Next photo
Taxon Tags
(m] ID  person taxon libraryid
(m)] v12(1)
(m] bbaggins hare
=] v
m] MegaDetector animal sp.

tutorials <- learnr::available_tutorials(package = "AMMonitor")
tutorials[order(tutorials$title)[1:5],]
Available tutorials:
* AMMonitor
- intro : "AMMonitor 01: Introduction"
- getting_started : "AMMonitor 02: Getting Started"
: "AMMonitor 03: Database"
: "AMMonitor 04: The dbdictionary table"
: "AMMonitor 05: Summarizing the database"

- database
- dbdictionary
- dbsummary

134

item value_num

Tutorials can be accessed via the ‘Tutorial’ tab in RStudio by
searching for tutorials with ‘AMMonitor’ in the title, or can be
launched via code with learnr's run_tutorial function. For example,
the following code will launch the tutorial that guides users through
the creation of a new AMMonitor project (Figure 6):

learnr:run_tutorial(
name = "getting_started",

package = "AMMonitor")
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AMMonitor

Select an app

registerVisit

SelectNewApp  ResetApp

Intro Select Media Type

Check Visit

Enter Metadata Media Upload Register Visit Save

file path to the dir inir f lect a destinatic il be

saved after being

1g to the "photos/recordings” 1oldef ovyourmuunmrpru'j:ctdlmry). Ifthue n}v nofilestor regkter yau may proceed

byclick?ﬂg"blext" below without specifying a media source/destination.

Source

Select a directory

Selected SOURCE folder:

Number of image files found: @

Destination

The default destination is the media folder (photos/recoridngs/videos) associated with the active AMMonitor project. If no such directory exists, you can create the missing.

directory or select an alternative.

Storage Type
O local

@ Google Drive
O Awss3

O SharePoint

Google drive folder path

e.g., trailcam/photos,

Select a valid local or web destination for media files

FIGURE 5 Mini-apps guide AMMonitor users through various analytical processes. For example, the ‘registerVisit’ app consists of seven
tabs that allows a user to register new visits and media files into their database, with several options for external cloud storage.

FIGURE 6

AMMonitor 02: Getting

Started

Introduction

AMMonitor package overview
AMMonitor mini-demo

Recapping into the demo

Setting up your AMMonitor project
The Shiny app

Tutorial summary

References

Start Over

Introduction

In this tutorial, we overview the R package AMMonitor and provide guidance on getting started. AMMonitor is a multi-
purpose monitoring platform that uses (1) Autonomous Monitoring Units (AMUs) to collect media files (e.g., photos or
audio recordings) with either local or cloud-based media storage, (2) SQLite as a database engine for storing and tracking
all other components of the monitoring effort, including media metadata, and (3) a suite of R-based functions for analysis

of monitoring data (Figure 1).
1
.~ §\ N\
SQLite

O

‘Getting started’ learnr tutorial is one of 20 tutorials that teach users about all aspects of AMMonitor.
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4 | AMMonitor SCIENCEBASE
COMMUNITY

The AMMonitor package is fully open-source, developed by USGS to
be free and available for any end-users. Consequently, we strongly
encourage the practice of releasing datasets (i.e. an AMMonitor
project) to the public domain. The path for formally releasing or
publishing USGS scientific data is called a ‘data release’, and in-
cludes a peer-reviewed process for ensuring that releases meet
high-quality standards for rich metadata. AMMonitor releases are
hosted in the USGS ScienceBase under the AMMonitor ScienceBase
Community at https://www.sciencebase.gov/catalog/item/6188c
0c4d34ec04fc9caf7a4, where each monitoring project has its own
landing page. For example, the ‘Middle Earth Wildlife Study’ page
can be found at https://www.sciencebase.gov/catalog/item/62b%9b
787d34e8f4977cc9e77. Each project contains metadata about the
project itself, and data releases are ‘child’ items of the project that
contain the data as CSV attachments and zipped media for down-
load. The AMMonitor ScienceBase Community currently features
projects by the US Geological Survey, the US Fish and Wildlife
Service, National Park Service, Bureau of Land Management, the
USDA Forest Service and state partners. Because each project
uses the AMMonitor R package and standardized database struc-
ture, releases offer an opportunity for pooling data under a unify-
ing framework. AMMonitor projects released on ScienceBase can be

reconstituted with the sbRehydrate() function.

5 | SUMMARY

AMMonitor 2 provides a substantial expansion over the first itera-
tion with a myriad of new features. AMMonitor is especially useful
for students and users with some coding experience who desire a
standardized yet flexible data management framework. The analysis
ecosystem provides several important benefits:

1. Comprehensiveness: A one-stop data management portal that
allows integration of both audio and camera monitoring.

2. Standardization: Field data collection is standardized across pro-
jects, ensuring high-quality metadata standards are achieved.

3. Aggregation: Since different AMMonitor projects use a common
format and structure, they can easily be aggregated across indi-
vidual research projects, agencies and organizations, promoting
bottom-up collaboration.

4. Persistence: Data releases on ScienceBase under the AMMonitor
community offer a long-term solution to the storage of monitor-
ing data, ensuring their durability.

5. Open source and active development: As an open-source project,
contributions from the community are welcome and development
of new features is ongoing. Additional functionality to be released
in future versions of AMMonitor will include adding the ability to
display names of taxa in different languages, a streamlined pro-
cess for verifying ML outputs and interfaces with other monitor-
ing tools.
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# increase the timeout
getOption('timeout')
options(timeout = 300)

# install with the remotes package
remotes::install_gitlab(
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auth_token = Sys.getenv("GITLAB_PAT"),
host = "code.usgs.gov",

build_vignettes = FALSE,

dependencies = TRUE,

upgrade = "never")

The main repository is at https://code.usgs.gov/vtcfwru/ammon
itor (Clarfeld, Tang, Huber, et al., 2024).
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