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Abstract

Natural history collections are repositories of biodiversity specimens that provide critical infrastructure for studies of mammals. Over the
past 3 decades, digitization of collections has opened up the temporal and spatial properties of specimens, stimulating new data sharing,
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use, and training across the biodiversity sciences. These digital records are the cornerstones of an “extended specimen network,” in which
the diverse data derived from specimens become digital, linked, and openly accessible for science and policy. However, still missing from
most digital occurrences of mammals are their morphological, reproductive, and life-history traits. Unlocking this information will advance
mammalogy, establish richer faunal baselines in an era of rapid environmental change, and contextualize other types of specimen-derived
information toward new knowledge and discovery. Here, we present the Ranges Digitization Network (Ranges), a community effort to digitize
specimen-level traits from all terrestrial mammals of western North America, append them to digital records, publish them openly in
community repositories, and make them interoperable with complimentary data streams. Ranges is a consortium of 23 institutions with
an initial focus on non-marine mammal species (both native and introduced) occurring in western Canada, the western United States, and
Mexico. The project will establish trait data standards and informatics workflows that can be extended to other regions, taxa, and traits.
Reconnecting mammalogists, museum professionals, and researchers for a new era of collections digitization will catalyze advances in
mammalogy and create a community-curated trait resource for training and engagement with global conservation initiatives.

Key words: biodiversity informatics, extended specimen, life history, morphology, museum, natural history, ontology, phenotypic plasticity,

vertebrate

Effective biodiversity conservation relies on our ability to understand
responses of species to environments undergoing rapid change. Many
global biodiversity benchmarks, such as the International Union for the
Conservation of Nature’s Red List of Threatened Species (IUCN 2024), the
emerging Barometer of Life (Stuart et al. 2010), and various targets of the
United Nations Convention on Biological Diversity’s recent Kun-
ming-Montreal Global Biodiversity Framework (CBD 2022), rely directly
or indirectly on species occurrence; that is, the presence of taxa at a partic-
ular place and time. Occurrence records are the raw currency for biodi-
versity trend analysis, allowing biologists to detect range shifts, document
species associations and dynamic ecological interactions, monitor the
spread of invasive species, manage lands and waters for biological diver-
sity, achieve sustainable harvest and use, and identify strongholds or
corridors for species of conservation concern (Kissling et al. 2018z; Jetz
et al. 2019; Heberling et al. 2021). Yet, a focus on occurrence data alone
may limit understanding of the multiple axes on which species respond
to change, as well as the underlying biological mechanisms.

The presence and persistence of any population is a function of its
ability to access resources and convert them into survival, growth, and
successful reproduction. These processes play out via an indirect inter-
action between the genome (the informational entity that produces
and maintains an organism) and the environment (the surrounding
milieu from which resources must be obtained). This critical interac-
tion is mediated by the phenotype—defined as the measurable phys-
ical, biochemical, or behavioral traits of individuals. Phenotypic data
are immensely important in mammalogy, including for taxonomy and
systematics (Padial et al. 2010; Solari et al. 2019), interpreting patterns
of morphological (Millien et al. 2006; Bertrand et al. 2022; Rothier et
al. 2024) and life history (Weaver et al. 2022; Wilsterman and Cunning-
ham 2023; Ginther et al. 2024; Weller et al. 2024) evolution, and under-
standing complex ecological processes, such as niche partitioning
(McGill et al. 2006; Violle et al. 2014; Read et al. 2018) and community
assembly (McCain 2003; Ackerly and Cornwell 2007; Holt et al. 2018;
Kohli and Jarzyna 2021; Chapman and McLean 2024). Phenotypic traits
also serve as key proxies for detecting mammalian responses to envi-
ronmental change, including shifts in morphology or life-history
parameters that may have no associated geographic dimension (e.g.,
Campbell-Staton et al. 2021; Hantak et al. 2021; Taylor et al. 2022).

Our ability to solve for 2 variables in the conceptual relationship
above—genotype and environment—is unprecedented in human
history. Costs of genetic sequencing have decreased exponentially
over the past 25yr (Wetterstrand 2021), and computational ability to
process large sequence datasets has likewise grown apace (Metzker
2010; Mardis 2011). At the time of writing, a single human genome
can be obtained for less than $1,000, and querying vertebrate genomes
for compositional or functional information is increasingly straight-
forward across biomedicine and the life sciences (e.g., Christmas
etal. 2023). Simultaneously, environmental data from active and pas-
sive sensors are becoming available for the entire globe at detailed
spatial and temporal grain, including near-daily measurements of

electromagnetic properties (representing land and surface tempera-
tures, atmospheric gas concentrations, and land cover and use) from
satellites and a growing network of land- and water-based sensors,
which in combination provide knowledge of environmental and land-
scape change (Turner et al. 2003; Pettorelli et al. 2011).

Despite this wealth of data, itis worth asking how the information
closest at hand could still fall short in advancing our understanding
of mammalian biology and responses to global change, the latter of
which will almost certainly be idiosyncratic among taxa, regions, and
global change contexts. To increase such understanding, information
on phenotypes—the third variable and key mediator in the concep-
tual relationship above—is required. Phenotypic data can serve as
proxies for energetic and physiological responses that may occur
in-situ, including shifts in (i) body size and proportions; (ii) reproduc-
tive rates and timing; or (iii) population demographic fluctuations.
Phenotypic data can also reveal the mechanisms underlying geo-
graphic or spatial responses of mammals, such as range contractions,
expansions, or shifts in the present or past—all of which are being
commonly researched for many taxa.

Unfortunately, while capacity to collect richer anatomical data
sets is expanding, e.g., due to more accessible imaging technologies
and their application to specimens (Hedrick et al. 2020; Blackburn
et al. 2024), phenotypic information remains sparse and non-repre-
sentative of the geographic, temporal, and functional diversity within
species (Jarzyna and Jetz 2016; Etard et al. 2020; Moura et al. 2024).
Even the most fundamental properties of individuals, such as body
size and shape, are often unavailable in digital format and labor-in-
tensive to newly transcribe and use for research at the scale of one
or more species. Calls for standardization and harmonization of
traits at the finest levels of organization have been made (Pereira et
al. 2013; Kissling et al. 2018b) and coordinated efforts to assemble
phenotypic datasets have emerged for numerous taxa or groups, e.g.,
PanTHERIA (Jones et al. 2009), TRY Plant Trait Database (Kattge et al.
2024), Open Traits Network (Gallagher et al. 2020), and AVONET
(Tobias et al. 2022). Yet, most of the latter exist at the species level,
sometimes encompassing traits of relatively coarse granularity, e.g.,
categorical variables (Kohli and Rowe 2019; Moura et al. 2024), and
often contain aggregate (e.g., average) trait values that may or may
not be traceable back to the individuals from which they were com-
piled (Balk et al. 2022; but see Tobias et al. 2022). Filling these trait
data gaps could stimulate new knowledge on mammals and provide
a resource with which to engage a broader community of biodiversity
scientists and conservationists in predictive and process-based
research.

The state of mammalian traits.

History of the resource.

Digitization and sharing of US mammal collections data through the
MaNIS project (NSF DBI 0108161, active 2001 to 2006) played an
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integral role in creating a discoverable resource of digital specimen
records that remains useful for biodiversity research broadly (Stein
and Wieczorek 2004; Guralnick and Constable 2010). Alongside
the other NSF-supported historic vertebrate networks (FishNet?2,
HerpNET, and ORNIS), MaNIS encouraged an entire community of
mammalogists toward exponentially higher capacity in the creation,
sharing, and use of digital occurrences. Subsequently, the VertNet
project (NSF DBI 1062193, funded from 2011 to 2016) and portal pro-
vided a cloud-based storage solution for these combined datasets
and a single access point for querying millions of vertebrate specimen
records (Constable et al. 2010). As of 2018, VertNet contained over
21,600,262 records from 316 data resources, spanning 402 collections,
shared by 126 publishers globally. In the case of the historic networks
individually, and VertNet collectively, the number of participants and
publishing institutions grew well past the project duration, under-
scoring the transformative impact of the original digitization and
cyberinfrastructure investments (Constable et al. 2010).

In addition to digitizing specimen occurrences, MaNIS and VertNet
emphasized a move beyond descriptive localities to provisioning
records with high-quality, standardized geocoordinates and their asso-
ciated uncertainties (Guralnick and Constable 2010). This small exten-
sion of occurrence records has been foundational for a myriad of
spatially explicit research questions (summarized by Anderson et al.
2020), such as modeling the distributions, niches, and movements of
species in the past, present, and future, and in response to major envi-
ronmental change. Yet, the typical museum specimen embodies more
information than its spatial and temporal context alone. Commonly
recorded attributes of mammalian specimens include external mor-
phological measures (body mass, body and appendage lengths); inter-
nal and external reproductive observations (status of externally visible
reproductive structures, status or proportions of internal reproductive
organs, pregnancy or lactation); and ecological association information
(Hall 1962; Ansell 1965; Kunz et al. 1996; Yates et al. 1996). Each of these
traits can enrich understanding of the biology and behavior of an indi-
vidual as it existed in a particular environmental context.

State of the resource.

The quantity of mammalian trait data actually present in digital
records, and its fitness for use in research, is poorly characterized to
date. One hindrance is the lack of a dedicated ontology (and associ-
ated synonyms) for the entire range of possible morphological and
reproductive traits of mammals (but see Balk et al. 2022, who describe
progress in creating this for the FUTRES knowledge store). Recent
efforts succeeded in harvesting 2 body size metrics of mammals (total
length and mass) from the VertNet index, standardizing them, and
making them searchable and more easily discoverable on that portal
(Guralnick et al. 2016). That work used regular expression matching
to query 3 fields in the DarwinCore biodiversity data standard (dynam-
icProperties, occurrenceRemarks, fieldNotes; Wieczorek et al. 2012), iden-
tify text substrings corresponding to trait terms, and extract
measurement values and related units if present. The process recov-
ered ~1.5 million standardized body measurements, as well as sex
and life stage information, spanning all major vertebrate clades
(Guralnick et al. 2016). These “hidden” trait data were appended back
to original records for open access, and users can currently query
records on VertNet by the presence of these traits.

By liberating a heterogeneous set of trait data for discovery and
use, the work of Guralnick et al. (2016) also provided robust estimates
of the rarity of traits in digital records. Only 5% of records hosted on
VertNet at the time of that study bore detectable body masses or
lengths, although for mammals a slightly higher proportion of digital
records may have these data compared to other vertebrates

(Guralnick et al. 2016). Likewise, a study of litter size in the widespread
North American Deer Mouse (Peromyscus maniculatus) complex found
that ~8% of digital records of females of this species contained
matches to a broad set of reproductive trait terms (McLean et al.
2019). Guralnick et al. (2016) further found that densities of intraspe-
cific trait data dropped precipitously at scale—while at least 1 unam-
biguous body size measurement was present for 44% of all
mammalian species (3,016 and 2,989 species with a body mass or
total length trait, respectively), just 15% to 17% of mammalian species
had >10 available body size measurements.

As part of ongoing work, we extended the approach of Guralnick et
al. (2016) to the most common mammalian traits and provide a spatial
summary of digital trait data availability in Fig. 1 (see further descrip-
tion in figure caption). This figure compares estimated trait data den-
sities for mammals across the entire North American continent, i.e.,
well beyond the scope of digitization efforts described herein for west-
ern North America, for a representative set of collections. It shows that
external length and mass traits and, to a greater extent, reproductive
traits lag far behind the density of digital occurrence records in exis-
tence. While not every museum specimen likely contains trait data, the
adherence by mammalogists to a historic standard of quantitative and
qualitative descriptors (Hall 1962; Ansell 1965; Kunz et al. 1996; Yates
et al. 1996) suggests that the majority likely harbor at least some min-
imal trait information. Therefore, the traits associated with millions of
mammalian specimens held in US museums and other repositories of
biodiversity (but likely worldwide as well) remain: (i) undigitized; (ii)
partially or fully digitized, but unmobilized to data portals like VertNet;
or (ill) mobilized to portals but in highly non-standard formats that
inhibit detectability and use.

This shortfall marks a call to action for mammalogists. Increas-
ingly, phenotypic proxies are sought across the life sciences to under-
stand evolutionary patterns and complex ecological processes (McGill
et al. 2006; Violle et al. 2014; Westoby 2025). These proxies are also
needed to continue advancing basic knowledge of taxonomy, sys-
tematics, and natural history and to support data-driven predictions
of global change response in mammals (e.g., McCain 2019). Trait data
from mammals are likely of broad importance in biodiversity science
since many mammals are ecosystem engineers, linchpins in local
food webs, or “umbrella” species whose conservation benefits the
ecosystems in which they occur. To meet the needs of many potential
data users, a community of mammal collections professionals is
coordinating new efforts to digitize trait data from analog (e.g., print
or handwritten) formats, curate them at the finest possible organi-
zational levels (ideally, individual specimens), and firmly link them
to digital occurrence records in an extended knowledge base (Schindel
and Cook 2018; Lendemer et al. 2020) as described below.

Introducing the Ranges Digitization Network.

Ranges (https://ranges-network.org/) is an NSF-funded thematic col-
lections network formed in 2023 to digitize and mobilize speci-
men-level trait data for mammals held in US institutions. At present,
Ranges is a consortium of 23 institutions, including 20 biorepositories
that are providers of trait data. The taxonomic scope of Ranges
includes all native and introduced species of non-marine mammals
from western North America. The geographic scope of the effort
includes 18 western US states (including Alaska), 5 Canadian prov-
inces, and all of Mexico. The network has 3 overarching goals: (i) to
digitize traits from an estimated 1.2 million mammalian specimens
from the focal taxa and region; (ii) to develop standards for mam-
mal-specific traits (see below); and (iii) to extend proven informatics
tools to provision those traits in research-ready form(s) to the research
and education communities.
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Fig. 1. Limited densities of digital trait data associated with North American mammal specimens. Visualizations were developed using full record sets from
a representative cross-section of 54 collections of living mammals published to the Global Biodiversity Information Facility (https://www.gbif.org/, accessed
10 January 2024). Traits were harvested using custom extensions of the traiter toolkit described in Guralnick et al. (2016). Briefly, the method uses regular
expression matching to locate and extract substrings corresponding to predefined trait terms, their measurement values, and units or positions (i.e., left or
right). The library of trait terms was expanded from Guralnick et al. (2016) to encompass morphological and reproductive traits in the Ranges Trait List
v20231221 (https://ranges-network.org/traits/). A) Densities of mammal records containing geocoordinates resolvable to the North American continent
(note: records lacking coordinates were omitted and are not considered in any map). B) Densities of mammal records from A) containing matches to 7
external morphological trait terms representing those most commonly measured on mammal specimens (body mass, total length, tail length, hindfoot
length, ear length, forearm length, and tragus length). Body mass and total length estimates are updates to those previously considered by Guralnick et al.
(2016). C) Densities of mammal records from A) containing matches to 15 external and internal reproductive trait terms representing those most commonly
measured on mammal specimens (including male- and female-specific traits). The color legend represents log-transformed record counts and applies to all
panels. Maps are USA Contiguous Albers Equal Area Conic projection.
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Fig. 2. Common morphological and reproductive traits recorded on mammal specimens that are being digitized by the Ranges Digitization Network. Images
are of the Long-eared Myotis (Myotis evotis; photo credit Michal Durham/Minden Pictures).

Ranges data products will include newly digitized traits, while
existing digital traits will be updated to adhere to new trait data
standards established by the project. The phenotypic focus of Ranges
(Fig. 2) includes 5 to 7 external morphological measures (body mass,
body and appendage lengths, plus forearm and tragus lengths for
bats) and up to 15 possible internal and external reproductive obser-
vations spanning males and females (status of externally visible
reproductive structures, status and proportions of internal reproduc-
tive organs, pregnancy, and lactation). These are the most commonly
recorded traits for mammalian specimens (Hall 1962; Ansell 1965;
Kunzetal. 1996; Yates et al. 1996). Additional and more complex traits
will be collected through a special small grant opportunity that
engages researchers working on the focal region and taxa (see Reach-
ing beyond the core traits below).

To standardize specimen traits and improve their fitness for use,
Ranges will use and extend the FUTRES Ontology of Vertebrate Traits
(FOVT; https://ontobee.org/ontology/fovt). The FOVT is an application
ontology that provides terms with machine-readable semantics for
representing vertebrate traits and their measurements from speci-
mens (Balk et al. 2022). The FOVT utilizes the BioCollections Ontology
to link observations from individual specimens or specimen samples
to traits. Traits themselves are defined in the Ontology of Biological
Attributes (OBA; Stefancsik et al. 2023), and the Uberon anatomy
ontology (Mungall et al. 2012) is used to represent the anatomical
entities that the traits characterize. As an example, vertebra height
(FOVT: 0002132) is defined as a type of vertebra size (OBA: 0002823)
that characterizes a vertebra (UBERON: 0002412).

Ranges network members have collaborated to define a more com-
prehensive set of traits specific to natural history specimens of mam-
mals to ensure that these definitions reflect how morphological and
reproductive traits have been described previously (Hall 1962; Ansell
1965; Kunz et al. 1996; Yates et al. 1996) and to align them with how
the traits are measured in practice (see https://ranges-network.org/
traits/ for traits currently being targeted). These efforts will synergize
with existing global efforts to extend specimen data and provide a
clear framework for clear standardization of traits to aid in their use
and in future digitization efforts for mammals.

Why western North America?

An initial focus on western North America provides the community
with a clear starting point and some scientific and strategic

advantages. From a scientific perspective, western North America is
a natural laboratory for understanding mammalian cladogenesis
(Simpson 1964; Badgley 2010; Badgley et al. 2017; Smiley et al. 2024),
ecological and phenotypic diversification (Van Valkenburgh 1988;
Blackburn and Hawkins 2004; Samuels and Hopkins 2017), physio-
logical adaptation to challenging environments (e.g., high elevation;
Storz et al. 2019), biogeography and community assembly (Merriam
1898; Brown 1971; Patterson 1999; Lomolino and Davis 1997; Rickart
2001; McCain 2003; Stevens et al. 2003; Kohli et al. 2021), and historical
demography (Lessa et al. 2003). Reaching farther back in time, the
region has a rich fossil record that makes it a nexus for understanding
many of these same processes in ancient mammals (Woodburne
2004; Grayson 2011; Smiley et al. 2024). Trait data sampled densely
from western North American mammals therefore stand to facilitate
new insights in systematics, evolution, and ecology across an iconic
and environmentally heterogeneous region, spanning from the intra-
specific to interspecific scale and from deep time to the present.

From a strategic perspective, focusing on western North America
provides a means of realizing an extended specimen network for a
sizable fraction of the continental species pool. Western North Amer-
ica is a locus of diversity and endemism in temperate mammals;
therefore, digitization efforts applied here encompass a greater num-
ber of species per unit of space than in some adjacent regions. Just
as importantly, an initial focus on this region provides a pathway to
engage a large and diverse community of data providers and users,
including the digitizing institutions themselves, which span cities
and campuses with racially and culturally diverse human popula-
tions and which have different educational missions (e.g., public,
private, and university-based collections). Forging these connections
is essential given the environmental changes that characterize west-
ern North America, including a combination of warming tempera-
tures (Overpeck and Udall 2020; Thompson et al. 2022), recurring
mega-droughts (Cook et al. 2015, 2016), increased wildfire risk
(Abatzoglou and Williams 2016; Kitzberger et al. 2017), and multiply-
ing human demands for space and natural resources.

Reaching beyond the core traits.

The major objective of Ranges is to extend mammalian specimens
with the most commonly recorded traits that capture body size, body
shape, and reproductive biology (Fig. 2); these extensions will facilitate
new research and accelerate finding answers to other, longstanding
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questions via substantially greater densities of trait data. However,
such data are just the tip of the iceberg for understanding the true
phenotypic and ecological diversity of mammals and their responses
to a changing biosphere. For that work, the physical biodiversity
objects uniquely contained in collections can and must be mined for
additional traits that are more complex and (possibly) taxon-specific.
This mining is already occurring by harvest of information from a
growing community-curated corpus of specimen images (Groom
et al. 2023), including projects such as the openVertebrate (oVert)
Thematic Collections Network (Blackburn et al. 2024), the Big Bee TCN
(Seltmann et al. 2021), and imaging of global herbaria (Willis et al.
2018; Borsch et al. 2020; Davis 2023). Still, substantial effort is often
required to extract trait information from specimen images given
challenges with image orientation, preservation process, and other
factors that prevent uniform extraction. These challenges limit how
quickly complex trait data from physical mammal specimens can be
incorporated into research projects.

Ranges is therefore facilitating new research synergies that can
combine standard and new image-derived traits through a small
grant opportunity called the Ranges Imaging Mini-Awards. This fund-
ing mechanism enables researchers to produce new 2D and 3D imag-
ery (e.g., surface or computed tomography scans) of mammalian
specimens and to extend their existing research through the addition
of internal and potentially complex trait data at the intraspecific
level, allowing a community of trait-based mammalogists to leverage
increased access to 3D imaging modalities for new questions (e.g.,
Hedrick et al. 2020). Most successfully funded projects have inte-
grated new imagery with core specimen-level traits already being
digitized or expanded upon by Ranges such as spatial and temporal
contexts, body size, reproduction, or habitat. In these ways, the
Ranges Imaging Mini-Awards create a bridge between detailed and
descriptive anatomical studies (usually based on few specimens) and
the more geographically expansive questions facilitated by Ranges
digitization efforts. Together, researchers working within and across
hierarchical levels can scale up their research (Wake 2003) while
engaging a community of other mammalogists and informaticians.

Challenges and promise of individual-level
traits.

Collating even the most fundamental trait data spanning many insti-
tutions and more than a century of sampling effort requires updated
informatics and data science approaches. Ranges will accommodate
these data by building out the existing FOVT ontology to include the
most common traits measured on mammal specimens, ensuring that
trait terms and definitions used therein reflect how a community of
mammalogists perceives and uses them. Ranges is also augmenting
existing informatics workflows to extract, standardize, and republish
trait data from individual occurrence records to several different web-
based platforms, such as FUTRES (Balk et al. 2022), iDigBio (https://
www.idigbio.org/), and GBIF (https://www.gbif.org/). The developed
ontology and informatics workflows will allow researchers to discover
and download the same traits from numerous places, facilitating inte-
gration of highly contextualized morphological and life-history infor-
mation for richer, process-based questions in mammalian biology.
Taxonomic changes are also an ongoing challenge for all of biodi-
versity science, requiring verbatim specimen name labels to be har-
monized to current taxonomies. Ranges will meet this challenge
head-on by collaborating with the American Society of Mammalo-
gists’ Mammal Diversity Database (Burgin et al. 2025) to ensure
proper species-level attribution and aggregation. We expect that eas-
ing access to highly standardized trait data in the above ways will
create strong synergies with other primary biodiversity data streams,
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such as automated audiovisual recorders, environmental DNA sam-
plers, and movement data (Besson et al. 2022; Kays et al. 2022), includ-
ing those produced by the National Ecological Observatory Network,
which is a Ranges participant institution.

Perhaps the greatest challenges of all lie with the end-user; spe-
cifically, in properly modeling individual-level trait variability (Violle
etal. 2012), species-level variation, and the heterogeneous and often-
sparse sampling that is characteristic of museums. Carefully navi-
gating and accounting for variable sampling effort will be especially
important to avoid biased conclusions of change through time in any
particular place. When asking these questions within species and
populations, integration of trait data with other population demo-
graphic and population genetic information may help avoid other
biases as well, such as undetected admixture or population replace-
ment from nearby demes. Care should also be taken to account for
differences in measurement and reporting standards among coun-
tries and disciplines, as well as through time, since best practices,
reporting methods, and even units for traits may vary across all of
these dimensions. This will be critical for harnessing one of the great
strengths of museum specimens—their ability to establish baselines
and stretch back in time our understanding of biodiversity change.
Fortunately, for this challenge, mammalogists are uniquely prepared
to contribute a rich knowledge of mammalian biology and the
nuances of museum sampling and recording standards.

In conclusion, trait data are critical to advance mammalogy and
lend support to a conservation enterprise that can identify a variety
of responses of species to environmental change and the mechanisms
that underlie them. Digitizing the wealth of trait data contained in
biological collections is a powerful way to achieve both goals. The
Ranges network will establish a community of practice equipped for
the next era of mammal collection digitization — one focused on
essential phenotypic traits (Fig. 2). It will do this by extending current
informatics tools and digitizing atop an existing, firm foundation of
open occurrence records first catalyzed by MaNIS and other projects.
Ultimately, Ranges seeks to democratize these discussions beyond
the founding institutions and across the American Society of Mam-
malogists and global mammalogy community, engaging faculty, cura-
tors, staff, and students regardless of institutional size, geographic
scope, or research focus. A community commitment to trait data
standards and proactive digitization of traits from future specimens
will position the next generation of mammalogists to answer increas-
ingly complex questions about the biology of mammals.
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