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Motivation: Biodiversity in many areas is rapidly declining because of global change.
As such, there is an urgent need for new tools and strategies to help identify, moni-
tor and conserve biodiversity hotspots. This is especially true for frugivores, species
consuming fruit, because of their important role in seed dispersal and maintenance
of forest structure and health. One way to identify these areas is by quantifying
functional diversity, which measures the unique roles of species within a community
and is valuable for conservation because of its relationship with ecosystem function-
ing. Unfortunately, the functional trait information required for these studies can be
sparse for certain taxa and specific traits and difficult to harmonize across disparate
data sources, especially in biodiversity hotspots. To help fill this need, we compiled
Frugivoria, a trait database containing ecological, life-history, morphological and geo-
graphical traits for mammals and birds exhibiting frugivory. Frugivoria encompasses
species in contiguous moist montane forests and adjacent moist lowland forests of
Central and South America—the latter specifically focusing on the Andean states.
Compared with existing trait databases, Frugivoria harmonizes existing trait data-
bases, adds new traits, extends traits originally only available for mammals to birds
also and fills gaps in trait categories from other databases. Furthermore, we create
a cross-taxa subset of shared traits to aid in analysis of mammals and birds. In total,
Frugivoria adds 8662 new trait values for mammals and 14,999 for birds and includes
a total of 45,216 trait entries with only 11.37% being imputed. Frugivoria also contains
an open workflow that harmonizes trait and taxonomic data from disparate sources
and enables users to analyse traits in space. As such, this open-access database, which
aligns with FAIR data principles, fills a major knowledge gap, enabling more compre-
hensive trait-based studies of species in this ecologically important region.

Main Types of Variable Contained: Ecological, life-history, morphological and geo-

graphical traits.

Spatial Location and Grain: Neotropical countries (Mexico, Guatemala, Costa Rica,

Panama, El Salvador, Belize, Nicaragua, Ecuador, Colombia, Peru, Bolivia, Argentina,

Venezuela and Chile) with contiguous montane regions.
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1 | INTRODUCTION

In a time of rapid global change and significant declines in biodi-
versity, there is an urgent need to identify, monitor and conserve
biodiversity hotspots—regions of high endemic biodiversity with sig-
nificant anthropogenic pressures (Myers et al., 2000). When identi-
fying biodiversity hotspots, the level of biodiversity is often defined
as endemic species richness (Myers et al., 2000). However, focusing
on the number of endemic species assumes that each species plays
an equal role in the environment and does not represent a holis-
tic view of biodiversity (Devictor et al., 2010; Pollock et al., 2017).
Functional traits of species are increasingly being considered in
conservation with a focus on conserving functional diversity (i.e.
the unique roles and functions of species in an ecosystem; Cadotte
etal.,2011; Devictor et al., 2010; Gonzélez-Maya et al., 2017; Gémez
et al., 2021). Conserving areas with higher functional diversity—
where species exhibit many functional roles—can help maintain eco-
system functioning (Cadotte et al., 2011; Cadotte & Tucker, 2018).
Therefore, a functional trait approach to conservation is promising
because species' responses to environmental change largely depend
on their traits and incorporating functional diversity can help assess
sensitivity to future changes (Newbold et al., 2014). When combined,
functional diversity, taxonomic diversity and phylogenetic diversity
provide an even more comprehensive assessment of an area's biodi-
versity, which is especially important for biodiversity hotspots such
as in the Neotropics (Devictor et al., 2010; Pollock et al., 2017).
Neotropical forests contain numerous biodiversity hotspots
yet lack sufficient data on species occurrences and traits (Collen
et al., 2008), making it difficult to generate robust species habitat
maps and forecasts of biodiversity change and species vulnerabil-
ity. Despite tropical forests covering less than 5% of Earth's surface
(Brandon, 2014), they contain almost half of the world's biodiversity
(Dinerstein et al., 2017) and many of their species are considered data
deficient (DD) by the International Union for the Conservation of
Nature (IUCN; IUCN, 2022a). These DD species do not have enough
information on population status, spatial distribution or threats, or
combinations therein, to make an official threat status designation
(IUCN, 2022a). For example, as of 2021, 15.6% of mammals, 0.15%
of birds, 14.3% of reptiles, and 16.8% of amphibians are DD within
the tropical forests of Central and South America; the percentages
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for this biodiversity hotspot are higher than the global forest per-
centages for both mammals and amphibians (mammal: 14.4%, bird:
0.47%, reptiles: 14.4%, amphibians: 16.5%) (IUCN, 2021). This data
paucity is especially pressing in montane cloud forests—regions high
in elevation that are frequented by cloud cover—because of their
unique environment for many endemic species and vulnerability to
climate change (Foster, 2001; Ponce-Reyes et al., 2012). Biodiversity
in these regions is especially vulnerable to climate change because
cloud forests exist in a narrow elevational band and are naturally
fragmented (Foster, 2001). This pattern of fragmentation limits dis-
persal, and further, the lagging tree line shift (i.e. the upper eleva-
tional range of cloud forests) will make it difficult for species to shift
their distributions to track changing climates (Fricke et al., 2022;
Rehm & Feeley, 2015). Importantly, the distribution and community
composition of forests in the tropics are largely determined by seed
dispersal processes that are mediated by frugivores, fauna consum-
ing fruit (Sales et al., 2021).

Seed dispersal is considered a key biotic interaction for maintain-
ing biodiversity-ecosystem function, especially in tropical regions
where almost 90% of woody plants rely on frugivores to disperse
their seeds (Howe & Smallwood, 1982; Sales et al., 2021). For exam-
ple, there have been multiple studies on the crucial role of frugivo-
rous mammals and birds in dispersing seeds and how changes in their
abundance and distribution influence seed dispersal services and the
ability of plants to track changes in climate (Fricke et al., 2022; Sales
etal.,2021). In addition to dispersing seeds for many plants, frugivores
also contribute to nutrient cycling and are prey for carnivores such as
felids and raptors (Farwig & Berens, 2012; Tébon et al., 2004; Wilkie
et al., 2011). Due to the strong interaction between frugivores and
many fruiting plants, the trait composition of frugivore assemblages
(e.g. gape size, body size) can likewise affect plant community com-
position (i.e. prevalence of plants with small or large seeds), and eco-
logical resilience to perturbations (Sales et al., 2021). Comprehensive
trait databases will help quantify the outsized roles that frugivorous
species play in maintaining biodiversity and ecosystem functions for
conservation and macroecological studies.

Over the last 20years, there has been significant growth in the
use of vouchered data from specimens housed in museum collec-
tions (Nelson & Ellis, 2019). Large quantities of data have been
stored in these physical repositories for much longer; however,
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access to these global institutions has not always been feasible
(Nelson & Ellis, 2019). Recently, increased efforts and funding
have made it possible to digitize these collections for scientific
research purposes (Miralles et al., 2020; Nelson & Ellis, 2019). In
particular, national and international funding over the last two de-
cades has facilitated more open access data through institutional
websites and databases (e.g. GBIF; GBIF, 2023, VertNet; Guralnick
& Constable, 2010; Nelson & Ellis, 2019). This mobilization and
digitization of once inaccessible data has opened a vast resource
for studies in conservation, ecology and systematics, allowing re-
searchers to perform biodiversity analyses without having to con-
duct costly field research or work in museums. This digitization
has increased the openness and accessibility of trait data through
online repositories and downloadable datasets (e.g. EltonTraits;
Wilman et al., 2014, PanTHERIA; Jones et al., 2009; VertNet;
Guralnick & Constable, 2010; COMBINE; Soria et al., 2021).
However, existing databases only provide a subset of taxa and
their traits. The lack of comprehensive trait databases is due to
multiple reasons. First, compiling detailed ecological trait data for
species rich clades is time-consuming. Second, actively maintain-
ing databases is costly and time-consuming; changing taxonomies
and newly discovered species require constant updating. Third,
data gaps in existing databases can result from bias towards re-
gions that are more easily accessed (Engemann et al., 2015), lead-
ing to the exclusion of more remote and rare species. As a result,
tropical regions in particular have significant data gaps (Collen
et al., 2008; Ferrier, 2002). Filling these data gaps is especially im-
portant in biodiversity hotspot regions which are often data poor
and more sensitive to changes (Bellard et al., 2014).

To help fill the aforementioned data and knowledge gaps and
aid in the use of species traits for use in conservation analyses
(Cooke et al., 2019; Gonzalez-Maya et al., 2017; Gonzalez-Suarez
& Revilla, 2013), we created a trait database, ‘Frugivoria’. Frugivoria
is a comprehensive trait database of species exhibiting frugiv-
ory in the Neotropics of Central America and the Andean states
of South America within habitat designated ‘Forest—Subtropical/
Tropical Moist Montane’ and/or ‘Forest—Subtropical/Tropical Moist
Lowland’ by the IUCN. These data encompass Neotropical contigu-
ous tropical moist montane forests and their adjacent lowland for-
ests. Traits in Frugivoria encompass any morphological, phenological,
physiological and behavioural characteristics of a species (Kissling
et al., 2018), and we further extend this definition to key geographi-
cal traits relevant for species extinction risk assessments. Frugivoria
harmonizes bird and mammal trait data and scientific names from
existing databases and online species accounts (e.g. PanTHERIA
(Jones et al., 2009), EltonTraits (Wilman et al., 2014), AnAge (Tacutu
et al., 2018), Encyclopedia of Life (Parr et al., 2014), Cornell's Birds
of the World (Billerman et al., 2022), University of Michigan's Animal
Diversity Web (Myers et al., 2023), IUCN (IUCN, 2022a)), and adds
23,661 new records for 1732 species including information related
to diet breadth, habitat breadth, habitat specialization, and adds new
species and their associated traits as well as IUCN threat statuses.
Furthermore, once only available to mammals, Frugivoria updates

and expands select traits from the PanTHERIA dataset to birds.
These traits include derived breadth traits (diet and habitat breadth)
and range-based geographical traits (e.g. mean annual tempera-
ture, mean annual precipitation, human impacts across the range
for multiple years), using more recent and relevant sources (e.g.
CHELSA bioclimatic variables, WCS Human Footprint data) (Karger
et al., 2017, 2018; Sanderson et al., 2022). The inclusion of these
newly derived traits expands the utility of cross-taxa trait compari-
sons for mammals and birds.

Creating areproducible workflow that aligns with FAIR (Findable,
Accessible, Interoperable and Reusable) data principles (Wilkinson
et al., 2016) is crucial for enabling transparent and efficient data
sharing and reuse. We used these principles to generate Frugivoria,
and therefore provide code for all aspects of database building,
which can facilitate the creation of similar datasets for other taxa or
different diet preferences. Furthermore, we provide code to explore
and summarize the trait data and link associated traits with species
occurrences. Many of the species within Frugivoria exist in other da-
tabases, particularly for mammals (e.g. EltonTraits and PanTHERIA),
yet existing databases are not entirely overlapping, collectively they
omit many frugivorous Neotropical species and traits, and certain
geographical traits are outdated. In addition, there is no existing
comprehensive trait database for frugivorous birds in this region.
Together, Frugivoria and its open workflow in R fill essential data

gaps for biodiversity conservation.

2 | METHODS
2.1 | Frugivoria overview

Frugivoria encompasses frugivorous species of the classes ‘Mammalia’
and ‘Aves’ in contiguous moist montane forests and adjacent moist
lowland forests of Central and South America—the latter specifically
focusing on the Andean states (i.e. Mexico, Guatemala, Costa Rica,
Panama, El Salvador, Belize, Nicaragua, Ecuador, Colombia, Peru,
Bolivia, Argentina, Venezuela and Chile).

The species list for this region was obtained through the IUCN
API (IUCN, 2015) and subset to species with IUCN habitat desig-
nations of ‘Forest—Subtropical/Tropical Moist Montane’ and/or
‘Forest—Subtropical/Tropical Moist Lowland’ (Figure 1). We chose to
use the IUCN as the basis for the database species list because their
database includes the most current taxonomic information, has an
open access inventory of all known species present per country that
have been officially assessed and is the most appropriate species list

for conservation applications.

2.1.1 | Existing databases

Databases composing a significant portion of Frugivoria include
the IUCN (IUCN, 2022a), EltonTraits (Wilman et al., 2014) and
PanTHERIA (Jones et al., 2009; Figure 2a), with supplemental
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FIGURE 1 Inset map—Distribution of all Frugivoria data (purple) with a red box indicating the zoomed in region presented here. Panels
show maps of occurrence records of frugivorous bird (panel a) and mammal (panel b) species in the greater Colombia and Ecuador region.
Records were obtained through GBIF and pulled for differing time frames for viewing purposes (birds: 2021-2022; mammals: 2016-2022).
Darker background areas show higher probability of cloud forest presence (moist montane forest; Wilson & Jetz, 2016).

information coming from the AnAge database (Tacutu et al., 2018).
The IUCN Red List of Threatened Species, which formally assesses
the conservation status of species, provides a large online data-
base of formal assessments for many animals, including informa-
tion on taxonomy, habitat, life history, and threats and serves as
a powerful tool for biodiversity conservation and policy change
(IUCN, 2022a). EltonTraits is a global database of activity patterns
and feeding habits of mammals and birds (Wilman et al., 2014).
PanTHERIA consists of morphological, life-history and geo-
graphical traits of mammals globally (Jones et al., 2009). In some
instances, data permitting, longevity information for birds and
mammals were obtained through the AnAge database when pri-
mary sources were unavailable (Tacutu et al., 2018). For a compre-
hensive list of all traits included in Frugivoria, their column names,
definitions and sources, see Table 1.

Since the publication of all these data sources, new studies and
genetic analyses have led to taxonomic revisions for many gen-
era, which were standardized to IUCN taxonomic classifications in
Frugivoria during the harmonization process (described below in

Frugivoria Workflow part 2: Harmonizing).

2.2 | Frugivoria workflow

We outlined a workflow (Figure 2) for creating and replicating the
Frugivoria database and to help with the organization of future da-
tabases with similar aims to this one. This workflow delineates each
step of the database building process, including trait data sources,
code for extracting and harmonizing the data, and highlighting
the end products. Each step in the data workflow to construct
Frugivoria was scripted with the R language (R Core Team, 2022) to
maximize reproducibility. The data in Frugivoria are stored as comma
separated data tables and R scripts, to convert raw data (Level 0)
to harmonized data (Levels 1, 2) (Figure 2). The steps to generate
Frugivoria are numbered below with reference to lettered sections

within Figure 2 and specific scripts in the workflow.

2.21 | Subsetting

We downloaded static trait datasets for mammals and birds,
EltonTraits (Wilman et al., 2014) and PanTHERIA (Jones et al., 2009).
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FIGURE 2 Workflow diagram of Frugivoria database generation for frugivorous birds and mammals in Central and South American moist
forests. An IUCN-based species list was first downloaded for regions of interest (al: 1) along with IUCN range maps for birds and mammals
of the world (al: 2). The species list was then subset to mammals and birds in ‘Subtropical/Tropical Moist Montane’ and/or ‘Subtropical/
Tropical Moist Lowland’ habitat (a1; LO: 1_IUCN_species_list_subset.R). This IUCN species list was then merged with EltonTraits (Wilman
et al., 2014) and species names were harmonized between databases (a2 & a3; LO: 2_external_trait_database_merge.R). Once these
databases were merged, they were subset to only those species eating at least 10% fruit (a4; LO: 3_frugivore_subset.R). This final subset
was then merged with the PanTHERIA dataset (Jones et al., 2009; a5; LO: 4_mammal_merge_pantheria.R). Traits found in the literature and
other credible species accounts (aé), PanTHERIA and EltonTraits were combined for mammals, whereas only EltonTraits and traits from the
literature and species accounts were combined for birds. We then derived traits such as diet breadth from the EltonTraits dataset, habitat
breadth from the IUCN habitat designations and geographical traits based on the IUCN range maps (al1:2) for the a4 species subset (a7).
Code to obtain observations per species is also provided and allows for spatial trait analyses (Panel c; c1; L2: downloading_gbif_records.R).

We used the R package ‘rredlist’ (version 0.6.0) and the function
‘rl_sp_country’, which downloads IUCN Red List information over an
API, to obtain IUCN species lists for each country of interest as de-
fined above (IUCN, 2021). These lists were then subset to the classes
‘Aves’ and ‘Mammalia’ and further filtered to include only those
that include an IUCN habitat designation of ‘Forest—Subtropical/
Tropical Moist Montane’ and/or ‘Forest—Subtropical/Tropical Moist
Montane’ (Figure 2a.1; LO: 1_IUCN_species_list_subset.R). We then
merged this IUCN based species list with EltonTraits for mammals
and birds (Figure 2a.2; LO: 2_external_trait_database_merge.R). After
harmonizing and subsetting the dataset to include frugivorous spe-
cies only (Figure 2a.3 & a4; LO: 3_frugivore_subset.R), PanTHERIA
was merged with the mammal database (Figure 2a.5; LO:4_mammal_
merge_pantheria.R). We then filled in new traits using information
from existing literature and credible online sources (Figure 2a.6), and
provided code to obtain occurrences from GBIF for all species within

the final database (Figure 2c.1; L2_downloading_gbif_records.R).

2.2.2 | Harmonizing

Disparities in naming conventions between the IUCN, EltonTraits (as
mentioned previously) and PanTHERIA led to some species not align-
ing correctly between databases and perpetuated the need for har-
monization (Figure 2a.2; LO_ 2_external_trait_database_merge.R).

To harmonize scientific names between databases, we first merged
the final IUCN species list by scientific name with EltonTraits. We
resolved conflicts in species name merges between databases
using known synonyms of the IUCN species names that matched
species names in the EltonTraits database. In general, any species
name disparities were set aside for manual checking of synonyms
using the IUCN website, existing literature and Avibase (for birds;
Lepage et al., 2014), and later appended to the dataset. We gener-
ated a lookup table, hosted in the Environmental Data Initiative (EDI)
repository, showing the corresponding species name in each data-
base for all mismatched species (mammals: n=390; birds: n=873;
lookup_table_all_mammals.csv; lookup_table_all_birds.csv), which
should help facilitate the construction of databases for other spe-
cies (not only frugivorous species) in this region. In Frugivoria, there
were name disparities for 171 mammal and 195 bird species in the
EltonTraits database. New species discovered since the publication
of these databases (mammals: n=42, birds: n=2) and those species
that had been split (taxonomically reclassified; mammals: n=132,
birds: n=182) were assigned values of sister taxa, based on known
phylogenies, or at the genus level, which was simple in EltonTraits
since in some cases entire genera had matching trait values. For
mammals, we then merged our final database with PanTHERIA
(Jones et al., 2009; LO: 4_mammal_merge_pantheria.R) and resolved
taxonomic naming issues in the same way as above, resolving the

same number of species names.
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New Frugivoria Traits

FIGURE 3 Newly added traits in Frugivoria for birds (red) and mammals (teal). Horizontal lines indicate the total number of taxa for
each taxonomic group within the database (birds: n=1149, mammals: n=602). Certain traits for mammals overlapped with the PanTHERIA
dataset (i.e. home range, longevity and range size); however, the methodology used for the trait calculations differs between Frugivoria and
PanTHERIA. We have highlighted PanTHERIA traits in grey for comparison. Overall, for mammals, EltonTraits contributed 14.7% of traits,
PanTHERIA 49.8% and 35.36% of traits are newly added traits. For birds, EltonTraits contributed 27.62% and newly added traits comprise

72.38% of the dataset.

We have included a ‘taxonomic_disparity’ column where a value
of ‘1" indicates differences in taxonomic nomenclature between da-
tabases for some species. For each database merged in Frugivoria,
we have retained the original database species name with a suffix
‘ e’ (EltonTraits) and ‘_p’ (PanTHERIA) as a unique column for ease of
interpretation. These suffixes are also used for any trait originating

from those respective databases.

2.2.3 | Frugivore selection

Once the IUCN species list and EltonTraits dataset were harmonized and
successfully merged for 946 mammals and 2818 birds, we used EltonTraits
‘diet_fruit’ to select and retain species that had a frugivorous diet at or
above 10%, leaving a total of 160 mammal genera (586 species and 16
subspecies) and 329 bird genera (1148 species) (LO: 3_frugivore_subset.R).

2.2.4 | Trait data

We then merged our frugivorous species subset and the PanTHERIA
dataset for mammals (LO: 4_mammal_merge_pantheria.R). New traits

and missing traits values that did not occur in existing openly acces-
sible trait databases were then obtained by exhaustively identifying
missing species and traits from the IUCN database, peer-reviewed
literature, online reference material such as species accounts
Encyclopedia of Life (Parr et al., 2014); University of Michigan's Animal
Diversity Web (Myers et al., 2023); Cornell Lab of Ornithology's Birds
of the World (Billerman et al., 2022), and reference books (Burton
& Robert, 1974; Emmons & Feer, 1997; Eisenberg & Redford, 1999;
Thorington et al., 2012; Fleagle, 2013 etc.; for a full list of materi-
als see ‘Frugivoria: Sources ... in the EDI hosted dataset). In total,
Frugivoria contains 45,216 trait inputs with some traits having mini-
mum and maximum values; 24,494 trait values for mammals (8662
newly added), and 20,722 for birds (14,999 newly added) (Figure 3). If
multiple values were found for a given species trait, we gave prefer-
ence to primary literature and the most recent data source. However,
if we found multiple values from recent sources, we incorporated this
information into a range of values with each source being cited in the
source column for that trait but separated by a ‘|’ symbol. For these
traits, specific details about each source may be found in the trait's
notes column. Relevant traits have a minimum and maximum column
for instances where ranges of values were present or different values
were available from alternate yet appropriate sources. Traits with no
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FIGURE 4 Distribution of mass and generation time for birds (a,c) and mammals (b,d) across the Northern Andes and Isthmus of Panama.
Lighter colours indicate lower values. Birds and mammals differed in their minimums and maximums for each trait (birds a: 5.1-5525.0g,

c: 1.9-19.8 years; mammals b: 4.8-140,000.6 g, d: 0.94-18.3years). Natural breaks were used to bin these data for plotting, with a few
larger values included in the uppermost bin. The density curves in the lower right corner indicate the distribution of the mapped trait in the
Frugivoria dataset. For mass (panels a & b), these densities were log-transformed for visualization purposes. Red dashed lines indicate the
median value for each trait (birds a: 45.3 g, c: 4.6 years; mammals b: 71.0g, d: 4.2years).

available information for a given species were assigned to the genus
level where possible and this was noted in the *_level’ column for the
applicable trait. Including prior imputations in the original EltonTraits
dataset and our further imputations to congenerics for reclassified
and newly added species in both EltonTraits and PanTHERIA data-
sets, 5142 traits (11.37%) were imputed to either genus or family, with
9 phylogenetically imputed traits for mammals (previously imputed
from EltonTraits). For the newly added traits, 6.92% were assigned to
the level of genus or family (birds: 2.16% genus, 0.75% family; mam-
mals: 9.02% genus, 4.83% family) if species-specific information was
not available. To minimize observer error within new trait data assign-
ments for species, all new trait data records in Frugivoria were inde-
pendently entered by two technicians. Any discrepancies between
the two technicians were noted and reviewed by the lead author and
resolved by replacing the former value with that from the most ac-
curate and reputable source.

Due to the disparate nature of methodology of data sources used
to build the Frugivoria dataset, there are some overlapping traits be-
tween databases. Because of this, we retain them all here in their orig-
inal form for ease of interpretation. For example, mass is measured as
averages in EltonTraits (Wilman et al., 2014), and in PanTHERIA they
are measures of central tendency (often using the median; Jones
et al., 2009), thus the origin of these values is not the same and they
have non-comparable units. This is true for traits shared between
EltonTraits and PanTHERIA such as activity patterns and mass, as well
as PanTHERIA and the data we have collected and derived for this data-
set, such as body size, diet breadth, home range size, range size and
longevity. For some PanTHERIA traits, we added an additional suffix
* OD’, for range-based geographical traits we suspect may be outdated
(e.g. mean population size, mean annual precipitation and temperature),
but may be useful for some cross-time analyses or comparisons. For
these traits, we have derived more recent versions and applied them
across taxa, whereas the original PanTHERIA traits were only available
for mammals. Similarly, diet and habitat breadth, both traits available
in the PanTHERIA dataset, were recalculated and applied across taxa.

Range-based traits

Range-based metrics were calculated based on species range
maps (LO_spatial_traits.R; Figure 2a.7). We obtained range maps
from the IUCN Spatial Dataset (Figure 2a.1; IUCN, 2022a). We
then computed the range sizes in km? using the ‘st_area’ function
built into the ‘sf’ package in R. We used the geography transfor-
mation of the ‘shape’ column within the IUCN Spatial Dataset
(IUCN, 2022a). We calculated these range sizes in two ways: (1)
using presence code ‘Extant’ and (2) using presence codes ‘Extant’,

‘Probably Extant’ and ‘Possibly Extant’. The latter incorporates in-
ferred areas where the species may exist and therefore represents
potentially suitable habitat rather than just the known range of the
species. We chose to include all ‘origin’ (e.g. native, re-introduced,
introduced, vagrant) and ‘seasonality’ (e.g. resident, breeding sea-
son, non-breeding season, passage) codes as these all constitute
a part of the range where the species would be performing the
function of seed dispersal. We then appended the resulting range
sizes to the full database for those species with range information
available (n=1737; missing ranges for n=16 species). It is impor-
tant to note that IUCN range maps have the potential to either
overestimate or underestimate the true range of species (Gaston
& Fuller, 2009; Ramesh et al., 2017) and therefore these range size
estimates should be interpreted with discretion. Also, these ranges
differ from those found in the PanTHERIA dataset for mammals,
with nearly two-thirds of species having smaller ranges in our data-
set calculated using the most recent data from the IUCN. These
differences in range size may be due to different methodologies
in the estimation of species ranges (IUCN, 2022a; Sechrest, 2003),
differences in nomenclature between datasets (e.g. a species has
been recently split and is species level for the IUCN range value
and the sister species value in PanTHERIA) and the effects of on-
going habitat loss and changes in climate since the publication of
sources used for calculating range size in the PanTHERIA dataset
(Sechrest, 2003).

We also used the IUCN range maps to derive average climate and
human impacts over species ranges, which can be used to under-
stand the species' climatic tolerances as well as quantify potential
anthropogenic impacts across the range. Specifically, we calculated
the average values of two CHELSA bioclimatic variables (Karger
etal., 2017, 2018), mean annual air temperature (Bio 1) and mean an-
nual precipitation (Bio 12) over the observed and inferred portions
of the range (e.g. parts of the range designated ‘extant’, ‘probably
extant’ and ‘possibly extant’). To quantify anthropogenic impacts
across the range, we used the WCS human footprint datasets for
both 2010 and 2020 (Sanderson et al., 2022). This metric quanti-
fies human impact by considering population density, infrastructure
such as roads, railways, factories, accessibility and the use of elec-
tricity. We then calculated the percent change between years as an
additional metric to indicate the degree to which these human im-
pacts have escalated over time.

Breadth traits
In an effort to increase the number of cross-taxa traits, we recal-

culated diet and habitat breadth for mammals based on different
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data than that of PanTHERIA and extended these traits to birds
(LO_7_breadth_traits.R; Figure 2a.7). For diet breadth, a measure
of diet diversity, we used the Shannon Diversity Index (Shannon
& Weaver, 1949). Similar to Santini et al. (2018), we calculated
the Shannon Diversity Index using the 10 food categories from
EltonTraits (Wilman et al., 2014) representing the proportional
makeup of the species' diet. The maximum potential diversity value
was calculated using the natural log of the number of possible diet
categories. Here, the maximum diet diversity value is 2.3 and indi-
cates a strong generalist species that consumes each food category
evenly, whereas a value of zero indicates a monotonous diet special-
izing in a single source of food.

We also calculated habitat breadth by summing the number of
suitable habitat types for each species based on level 2 of the IUCN
Habitat Classification scheme (IUCN, 2022a). This was done using the
‘rredlist’ package in R and extracting the habitat types used by each
species using the ‘rl_habitat’ function (IUCN, 2015). A full list of habi-
tats suitable for each species is included in the published EDI dataset.

2.2.5 | Occurrence data

We provide code to extract GBIF (GBIF, 2023) records for species
contained within this database (L2_downloading_gbif_records.R).
This code is modified from that provided by the GBIF blog, which
overcomes the issue of pulling large numbers of records through
GBIF for multiple species at once (Waller & Grosjean, 2019). A free
GBIF account is required to implement this code.

2.2.6 | Frugivoria datasets

In addition to providing the full Frugivoria dataset, we also provide a
simplified subset of the full Frugivoria dataset (e.g. Frugivoria_mam-
mal_database_simple.csv, Frugivoria_bird_database_simple.csv). This
subset represents shared cross-taxa traits, simplifying comparisons
among birds and mammals (code contained in LO_final_database_
edits.R). These traits are generally well filled; however, we also in-
clude home range and longevity traits despite their missing values
(filled for birds—longevity: 26.7%, home range: 19.3%; mammals—
longevity: 52.1%, home range: 44.2%; Figure 3) because of their eco-
logical relevance and their scarcity in the literature, which may make
them of heightened interest to users. This simplified subset excludes
repetitive traits (e.g. ranges of values, percent composition of diet,
habitat suitability), and retains traits that encapsulate and synthe-
size this information (e.g. trait averages, diet category, diet breadth,
habitat breadth).

3 | RESULTS AND DISCUSSION

Frugivoria and its workflow facilitate studies on frugivorous mam-
mal and bird traits encompassing ecology, life-history, morphology

and geographical occurrences for a region of great ecological im-
portance. Although mammals and birds are among the taxonomic
groups with higher degrees of sampling and research, there remain
significant gaps in our knowledge of their traits in this region. The
existing trait databases for birds and mammals only include a sub-
set of high-level traits (EltonTraits, Wilman et al., 2014; Phylacine,
Faurby et al., 2018) or are missing values for many species in bio-
diversity hotspots (PanTHERIA; Jones et al., 2009)—gaps which
Frugivoria helps fill.

In total, we have added 8709 new traits for mammals (35.36%
of all mammal traits) and 14,999 for birds (72.38% of all bird traits)
(Figures 3 and 4) and of those, only 6.92% of traits were imputed. We
added traits for 44 new species, and updated the taxonomy for 314
species. Of the new morphological, ecological and life-history traits
that did not require explicit calculation (i.e. home range, longevity,
generation time, sexual dimorphism and body size), 1285 come di-
rectly from the literature, which is 21.6% of new traits in those cat-
egories. The remaining 79.4% of these traits (4653) were collated
across disparate online sources and datasets including species ac-
counts requiring explicit interpretation from Encyclopedia of Life
(Parr et al., 2014), Cornell's Birds of the World (Billerman et al., 2022),
University of Michigan's Animal Diversity Web (Myers et al., 2023),
IUCN (IUCN, 2022a) and AnAge database (Tacutu et al., 2018).

We also derive new traits such as diet breadth and habitat
breadth, and calculate geographical range-based traits such as
observed and inferred range size, climate-based traits and differ-
ent aspects of human impact across the range, which all have the
potential to be used to estimate extinction risk. Both the breadth
traits and new geographical range-based traits update and ex-
pand the applicability of these traits across taxa, as these were
traits once only available for mammals. Furthermore, we increased
the completeness of traits in PanTHERIA (e.g. body mass, body
size, range size, home range size and longevity for mammals)—in
some cases more than doubling the traits available for mammals
in PanTHERIA (Figure 3; home range and longevity). Not only
does Frugivoria help fill existing data gaps and generate compa-
rable cross-taxa traits for birds and mammals, but it also harmo-
nizes existing databases into a single unified source for mammals
and birds, making studies of these taxa much less cumbersome
and time-consuming (Etard et al., 2020). This database (and its
reproducible workflow for other taxa and regions of the world)
is particularly beneficial for studying functional diversity in the
Neotropics, where the sheer number of species and the complex-
ity of their interactions can make it difficult to identify patterns of
ecological importance.

The increased trait resolution (i.e. low levels of imputation and
greater levels of filled traits for species) and spatial and taxonomic
coverage in Frugivoria provides vital information to address funda-
mental and applied aspects of conservation biology. Specifically,
Frugivoria comprises a unified and comprehensive source that can
be used to understand community assembly (species coexistence;
Zamudio et al., 2016), spatial patterns of biodiversity, trait distribu-
tions (Figure 4), and can help assess the vulnerability of species to
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environmental changes (Pacifici et al., 2015) in moist montane and
lowland regions of Central and South America. Some examples of
more focused investigations that are now possible with Frugivoria
include understanding how frugivore traits help mediate ecological
processes in moist montane systems (Lim et al., 2020; Sekercioglu
et al., 2004); quantifying how traits vary across montane regions
(Dehling et al., 2014; Santillan et al., 2019; Figure 4); and under-
standing how certain traits relate to species extinction risk (Bland
et al., 2015; Gonzalez-del-Pliego et al., 2019; Ripple et al., 2017).
The latter topic is particularly relevant given the high endemicity in
this region (Gradstein et al., 2008; Myers et al., 2000), the projected
rapid changes in climate (IPCC, 2022) and land use (Armenteras
et al., 2011; Gonzélez-Maya et al., 2017; Powers & Jetz, 2019) and
the anticipated shifts in ecological communities over the next cen-
tury (Williams et al., 2007). Montane regions and cloud forests, in
particular, are especially sensitive to environmental changes (Elsen &
Tingley, 2015; Foster, 2001; Ponce-reyes et al., 2012; Toledo-Aceves
et al., 2011); thus, species traits can aid in understanding and pre-
dicting shifts in biodiversity and associated ecosystem functions and
services.

The IUCN categorizes species into risk categories to assess ex-
tinction risk and help prioritize species and habitat conservation
(IUCN, 2022b). Despite the increase in and utility of trait-based
approaches in assessing extinction risk and vulnerability (Foden
et al., 2013; Kosman et al., 2019; Pacifici et al., 2015), setting spa-
tial priorities for parks and reserves (Kukkala & Moilanen, 2017),
and mapping diversity patterns (Cadotte & Tucker, 2018; Devictor
et al., 2010), the IUCN does not explicitly incorporate trait-based
approaches into the official IUCN Red List assessment process
(IUCN, 2022b). Instead, the IUCN uses a population trend-based
approach (changes in abundance or current and potential changes
in distributions; Etard et al., 2020), relying on information often un-
available for many species. Of the species contained in Frugivoria,
12.9% are classified as threatened by the IUCN, with 10.1% of low-
land species and 16.4% of montane species having threat catego-
ries of either vulnerable, endangered or critically endangered. The
higher proportion of threatened montane species is not unexpected,
since montane ecosystems are particularly vulnerable to threats
such as climate change and fragmentation, and species in these re-
gions often have restricted dispersal capabilities.

Of mammals specifically, 14.6% are classified as DD, because
they lack one or both population and distributional (range size; EOO;
IUCN, 2022a) information to make an official extinction risk assess-
ment. Species such as this provide an opportunity to test trait-based
approaches for assessing conservation statuses.

Trait-based approaches to conservation offer an alternative ap-
proach to trend-based approaches because trait-based approaches
rely on species' sensitivity to particular threats (Etard et al., 2020).
If the response of species to a threat consistently aligns with certain
traits (e.g. both narrow diet breadth, which indicates a specialized
diet, and large-bodied and small-ranged species being potential indi-
cators of extinction risk; Boyles & Storm, 2007; Harris & Pimm, 2008;

and Biogeography Macoecohogy

Ripple et al., 2017), traits can be used as part of a proactive approach
to generalize patterns or set rules for assigning extinction risk for
species that do not have the sufficient population or geographical
data (Cardillo & Meijaard, 2012) or can be used in addition to trend-
based approaches. For instance, Bland et al. (2015) estimated the
extinction risk of DD terrestrial mammals using predictive mod-
els based on life history, geographical ranges and information on
threats, increasing the estimate of globally threatened terrestrial
mammals by 5%. Frugivoria has the potential to be used for this pur-
pose for frugivorous species in the montane Neotropics, as traits
such as habitat specialization (strong reliance on cloud forest hab-
itat), diet breadth (based on the Shannon Index and demonstrating
the degree of diet specialization), and range size can indicate levels
of risk to anthropogenic pressures such as habitat degradation and
climate change (Bland et al., 2015). For example, range size can be
used to infer sensitivity to environmental change because narrow-
ranged species, which often have very little data, are more sensitive
to anthropogenic disturbances and tend to have high extinction risk
than those with broad ranges (Collen et al., 2016; Ripple et al., 2017).
Furthermore, in Frugivoria, we include a geographical trait—the av-
erage human footprint—explicitly quantifying anthropogenic forces
acting across the species range. As such, it would be straightforward
to use Frugivoria to generate lists of potentially at-risk species in this
region using these traits listed above. This dataset can be used in ap-
plied conservation to set targets for maintaining areas of high func-
tional diversity and spatially prioritizing regions containing species
with unique ecosystem roles.

The species currently in Frugivoria cover an important and
highly diverse region and habitat type, yet it does not provide a com-
plete picture of Central and South American frugivore biodiversity.
Importantly, it excludes explicit incorporation of countries lacking
contiguous mountain ranges, for example in Southeastern Brazil,
the IUCN designated habitats ‘subtropical/tropical dry forest’ (e.g.
seasonally dry inter-Andean valleys) and ‘tropical high altitude’ (e.g.
paramo; regions above the timberline). Frugivoria has been compiled
in an open and reproducible way that facilitates its future expansion
to high-altitude montane and lowland regions of Central and South
America—an essential undertaking for gaining a more complete
picture of trait diversity for frugivorous species in the Neotropics.
Though the species contained in Frugivoria are only a subset of the
world's vast biodiversity, we hope the data and workflow facilitate
further study in the Neotropics and beyond, as filling in more data

gaps in hotspots like these continues to be a research priority.
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