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An inventory of online reptile images
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Abstract

No central online repository exists for the collection of animal images; hence it remains unclear how extensively species
have been illustrated in the published literature or online. Here we compiled a list of more than 8000 reptile species (out of
11,341) that have photos in one of six popular online repositories, namely iNaturalist (6,349 species), the Reptile Database
(5,144), Flickr (4,386), CalPhotos (3,071), Wikimedia (2,952), and Herpmapper (2,571). These sites have compiled over
one million reptile photos, with some species represented by tens of thousands of images. Despite the number of images,
many species have only one or a few images. This suggests that a considerable fraction of morphological and geographic
variation is under documented or difficult to access. We highlight prominent gaps in amphisbaenians, lizards, and snakes,
with geographic hotspots for species without images in Central Africa, Pacific Islands, and the Andes Mountains. We
present a list of ~3,000 species without photos in any of the six databases and ask the community to fill the gaps by
depositing images on one of these sites (preferably with minimal copyright restrictions).
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Introduction

The internet has enabled a wealth of community created resources for the exploration of ecological and evolution-
ary questions. Recently referred to as iEcology (Jari¢ et al. 2020), online species information has provided insights
into taxonomy, macroecological patterns, and evolutionary processes. Species distributions are enriched by the
inclusion of community generated data (Jiménez-Valverde et al. 2019), invasive species expansions are identified
and tracked (Allain 2019), and species interactions are identified from social media posts (Maritz & Maritz 2020).
Outside of strictly ecological questions, species online presences provide a mirror to society’s interest and attitude
towards species (Kidd et al. 2018; McClain 2019; Roll et al. 2016), while potentially highlighting conflicts, ranging
from habitat destruction to nature tourism (Measey et al. 2019; Miranda et al. 2016, Otsuka & Yamakoshi 2020).
Reptiles are also threatened by commercial overharvesting and some species possibly even by the pet trade (Auliya
et al. 2016, Marshall et al. 2020).

Most biological studies make use of photographs in one way or another, e.g., representing occurrence records
(Jari¢ et al. 2020; Marshall & Strine 2019a), phenotypic variation (Drury et al. 2019), behaviour (Dylewski et al.
2017), or ecology (Maritz & Maritz 2020). Existing image databases are driven by community science projects
(iNaturalist, HerpMapper, Wikimedia, Flickr, CalPhotos), but (semi-) professional sources exist as well (Reptile
Database, Morphobank). Taxon-specific databases can be a considerable source of images, connecting species iden-
tification with images. For instance, Amphibiaweb holds 40,947 images covering over 57% of all 8,205 amphibian
species (as of 2020-07-16; maintained by CalPhotos).

Community science projects such as iNaturalist or HerpMapper have made substantial contributions to map-
ping species ranges and to some extent their abundances. These sites show that volunteers can fill numerous gaps
and thus productively complement the work of professional taxonomists.

To explore images and the questions they may answer, we must first discover and document image availability.
Here we aim to document the quantity and location of reptile images available online, making use of the aforemen-
tioned community science projects complemented by searches of web 2.0 platforms (i.e., websites populated by
user-generated content, namely iNaturalist, HerpMapper, Wikimedia, Flickr, CalPhotos). Our goal was to investi-
gate how many of the ~11,300 reptile species have easily accessible photos and how they represent their taxonomic
and geographic distribution.

Methods
We compiled metadata associated with reptile images from the online sources listed in Table 1. Most of these
sources are also used by other major biodiversity platforms, such as the Encyclopedia of Life (https://eol.org/). For

the following analysis we use the Reptile Database species list (accessed 2020-08-03) as a backbone taxonomy.

TABLE 1. List of all resources used in this study, number of species with photos, and their URLs.

Resource Reptile species URL

iNaturalist 6,349 http://inaturalist.org

Reptile Database 5,144 http://www.reptile-database.org
Flickr 4,386 https://www.flickr.com/
CalPhotos 3,071 https://calphotos.berkeley.edu/
Herpmapper 2,952 http://herpmapper.org
Wikimedia Commons 2,571 https://commons.wikimedia.org/

Summarised database results

Reptile Database. We used the 15,445 images stored in the August 2020 release of the Reptile Database, rep-
resenting 5,144 species. In contrast to the other resources, the Reptile Database has photographs of preserved speci-
mens from museum collections, although those represent only ~700 images and less than 300 species, respectively.
Many of the latter are also represented by live photos. We included photos of preserved specimens as they often
represent species for which no (or few) live photos are available or because they show characters not easily visible
in photographs of live specimens.
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At the time of this writing (2020-08-02), CalPhotos contained 29,619 reptile photos (tagged as such by Cal-
Photos), representing 3,071 species. Since CalPhotos also uses the Reptile Database taxonomy, names were mapped
to the Reptile Database. However, CalPhotos also contains photos without scientific names or other media, such as
images of skeletons deposited in the Museum of Vertebrate Zoology, Berkeley, among others, which we ignored.
The CalPhoto summary only covered a single entry per species, so all counts of images are one.

iNaturalist. A list of 6,349 species represented in iNaturalist as “research grade” photos was kindly provided by
Scott Loarie (iNaturalist). “Research grade” indicates that more than 2/3 of identifiers agree on a taxon identity.

Systematic web searches

For Wikimedia, HerpMapper and Flickr we made use of platform’s APIs or systematically searched for species
data.

We used R packages jsonlite v.1.6.1 (Ooms 2014), stringr v.1.4.0 (Wickham 2019b), urltools v.1.7.3 (Keyes et
al. 2019) to interact with the MediaWiki API (https://en.wikipedia.org/w/api.php?). Initially we queried the search
endpoint with action=query&list=search&srsearch= using each Reptile Database species as a search term. If the
search returned results, we used those results to query the API for pages alongside information held in the image and
title categories (prop=categories|images&titles=). We discarded any page results that did not include the “Articles
with ‘species’ microformats” category. For pages detected via the search and included species information, we fur-
ther queried the APl &prop=imageinfo&k &iiprop=timestamp|extmetadata|user|url to extract details on the images
present in the page (name, description, URL, user, artist, license and usage information).

We repeated the Wikimedia search using all Reptile Database synonyms because the page titles used by Wiki-
media may not be taxonomically up to date. Once initial and synonym searches had been completed, we removed
duplicate images by detected duplicated URLSs.

We retrieved HerpMapper data (accessed: 2020-07-13—14) by using the downloader v.0.4 package (Chang 2015)
to retrieve pages listing all records for each of the reptile groups: “https://www.herpmapper.org/records?taxon="
+ “Amphisbaenia”, “Crocodylia”, “Lacertilia”, “Serpentes”, “Sphenodon”, “Testudines”. Using the dplyr v.0.8.4
(Wickham et al. 2019), stringr v.1.4.0 (Wickham 2019b), rvest v.0.3.5 (Wickham 2019a), and xmi2 v.1.2.2 (Wick-
ham et al. 2018) packages, we extracted the number of pages the records were split across, and proceeded to cycle
through the record pages retrieving details on species name, record ID, date recorded, and location.

We adapted code from previous work (Marshall & Strine 2019a; b) to query the Flickr API (Flickr Develop-
ment Team 2019) for reptile images. The Flickr querying code made use of jsonlite v.1.6.1 (Ooms 2014) and RCur/
v.1.95.4.12 (Lang & The CRAN Team 2018). We used binomial names listed on Reptile Database as search terms,
and limited the search to images classed as photographs, and tagged with at least one of the following: “snake”,
“reptile”, “tortoise”, “turtle”, “lizard”, “crocodile”, “alligator”, “crocodilian”, “amphisbaenian”, “tuatara”, “ghari-
al”, or “caiman”. We initially queried the API to determine the number of results. If there were images detected by
the search, we ran a second set of queries to retrieve image details. When the initial Flickr API query returned over
250 results, the results were split between multiple pages (each holding 250 results). To obtain information on all
results we systematically cycled through each page, compiling image information for each set/page of 250 images.
We retrieved information on the images: user, title, license, location, location accuracy, date taken, and URL. We
slowed the pace of API queries by introducing five seconds delay between requests. In a few cases, special charac-
ters (usually in image titles) caused parsing errors when reading the Flickr API’s json formatted results. We flagged
instances of parsing error and those results are excluded from final species and image counts (27 instances of pars-
ing caused by unrecognised characters).

Facebook (FB). FB offers a large number of groups and other opportunities to post and share reptile photos.
Unfortunately, systematic access to FB via the FB API requires specific user access points. Use of user access points
means searches are likely non-reproducible and impacted by user language, location, and group access. For more
targeted searches that could be undertaken manually, FB undoubtably presents a useful resource but for a broad
inventory, manual search of groups and posts was not feasible.

Data and software availability

We retrieved and summarised data from Wikimedia, Flickr and HerpMapper using R v.3.5.3 (R Core Team
2020) and R Studio v.1.2.1335 (R Studio Team 2020). We used dplyr v.1.0.2 (Wickham et al. 2019) and tidyr v.1.1.1
(Wickham & Henry 2019) to manipulate data prior to plotting. We used ggplot2 v.3.2.1 (Wickham 2016) to generate
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figures 5-7 with ggrepel v.0.8.2 (Slowikowski 2018) for labelling (Fig. 3) and scico v.1.1.0 (Pedersen & Crameri
2018) for colourway generation (Fig. 7). We used cowplot v.0.9.4 (Wilke 2019) and ggpubr v.0.4.0 (Kassambara
2018) to arrange plots into final multi-panel figures (Figs. 2, 3 & 7). We also used fasterize v.1.0.2 (Ross 2020), sf’
v.0.8.2 (Pebesma 2018), and raster v.3.0.12 (Hijmans 2020) packages to summarise reptile ranges from the Global
Assessment of Reptile Distributions (GARD) database (Roll et al. 2017) and map reptile diversity without im-
ages (Fig. 7A and 7B). For Figure 6, we used tree data from TimeTree.org (Hedges ef al. 2006; Kumar et al. 2017,
Kumar & Hedges 2011), and used ape v.5.4 (Paradis & Schliep 2019) to manipulate data ready for plotting with,
ggplot2 v.3.2.1 (Wickham 2016), and ggtree v.2.0.4 (Yu et al. 2017, 2018) packages. We combined tree figures into
the final Figure 6 with Affinity Designer v.1.8.3.641 (https://affinity.serif.com). We created the Venn diagram using
InteractiVenn (Heberle et al. 2015). We have provided code and data used as supplementary material and at Zenodo:
https://doi.org/10.5281/zenodo.4010155. Photos from Flickr, Calphotos, and iNaturalist, and the Reptile Database
are available in the species entries of the Reptile Database (if their scientific species names match).

Results

Across all data sources we find over 1,193,764 images of reptiles, representing 8,207 of 11,242 (73%) reptile spe-
cies, each of which is documented in at least one image (Figs. 1, 2; Supplementary Table 1; Supplementary Table
2). Excluding species with no images, the average number of images per species was 48.78 & 4.54, with a maximum
0f 49,128 images for Sceloporus occidentalis Baird & Girard (Fig. 3).

‘\ "4.,' . N a1 \ . AP y i
b & N 71 3

FIGURE 1. Photos in nature vs preserved material. (A) Podarcis siculus Rafinesque-Schmaltz in its natural environment.

(B) Preserved Lacerta agilis Linnaeus (ZSM 1648/2009), showing details, such as the ventral side, not visible in its natural
environment.

The most fruitful source of reptile images was iNaturalist. iNaturalist provided the greatest number of species
(Fig. 2), while also supplying the greatest mean number of images per species of any data source (132.24 +15.96
images per species; Fig. 3). Overlap between the sources is highly complementary, with only 993 species (12.1%)
being represented in all 6, but 2,245 species (27.4%) being represented in only one of them (Fig. 4). Despite the lead
of iNaturalist, the Reptile Database does display photos from other sources such as CalPhotos (when permitted) and
thus its number of species with photos exceeds that of iNaturalist.

Taxonomic and geographic representation

Images were not distributed equally between reptile clades, with crocodiles, turtles and tuataras being the small-
est and thus best-covered groups, with over 90% of species photographed (Fig. 5). The worst covered clade was
Amphisbaenia, with less than half of the species photographed. Snakes and lizards, the largest extant (non-avian)
reptile groups, currently contain 3,837 and 6,876 species, respectively. Both were represented almost equally with
about 72% of their species covered by photos. This is surprising given the more secretive lifestyle of snakes, which
typically makes them harder to find than lizards.

Size and lifestyle also appear to determine photographic representation within families; with larger species
appearing better represented than smaller species. For instance, 90.2 and 96.3% of all pythons (Pythonidae) and
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monitor lizards (Varanidae) have photos, while small and nocturnal species have fewer species covered by photos,
e.g., 64.7 % of geckos (Gekkonidae; Fig. 6). Predominantly fossorial families, like Typhlopidae (36.4%), similarly
have lower percentages of species photographed.

# of species
with images
90004 F 9000 A
6349
6000+ ; L6000 A
5144
4386
3071
3000 : F 3000 A
0+ r 0 -
iNatL;ralist Re,LI)tiIe FIi::kr CalP;wtos Wikirlnedia HerpMapper Toltal

Database
Source

FIGURE 2. Number of species with images on each of the data sources, as well as the total number of species across all sources
(right panel).

Species lacking images are concentrated in tropical areas (Fig. 7A), particularly in Central Africa, Pacific Is-
lands, and parts of the Andes. Eurasian and North American species are almost completely covered by images, with
very few exceptions (Fig. 7B). Australia stands out among the highly biodiverse countries as having the most spe-
cies with photographic records —1119 species (Fig. 7C; Supplementary Table 3). The percentage of photographed
species per country largely reflect cold spots highlighted by the GARD range maps, namely low percentages of
species in Pacific Islands, Central Africa, but also Caribbean islands (Fig. 7D).

Discussion

By examining multiple online photo repositories, we have attempted to quantify the extent, coverage, and gaps
in reptile photographic documentation. Our results provide only a snapshot; images are constantly being uploaded
and community science initiatives continue to constitute a growing source for ecological and evolutionary data. We
show that currently over 73% of species are covered by at least one image. Not surprisingly, considerably better
coverage exists for testudines and crocodilians compared to lepidosaurians; and the largest geographic gaps exist in
equatorial regions, which are also the most species-rich and often less accessible areas.
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FIGURE 3. Number of images per species by source, excluding species without images. Top five species with images are
highlighted with species labels.

Species images in books and journal articles

We have deliberately excluded the regularly published literature from our analysis, that is, journal articles and
books such as field guides. While most books and articles are still not available online or remain behind paywalls,
major technical problems remain to extract and annotate them even in open access journals. The classical literature
is certainly a more comprehensive and often more reliable source of images than web sites, hence we will investi-
gate these sources in a future study.

Species coverage and intraspecies variation

Few species in our dataset are covered by thousands of photos, while many are covered by only a few. Gaps in
the photograph dataset present a problem, including both species with low number of images and 27% of species
with no readily available online images. Low numbers of photos likely underrepresent the phenotypic variation
within species and across ages or sexes. Many species undergo ontogenetic changes in colour or pattern, and many
more display sexual dimorphism (but still poorly documented on a larger scale). Most field guides and taxonomic
monographs have similar issues, illustrating a species with only one or a few photos because of space limitations
or production costs. Expanding image collections can address these issues, potentially building towards dynamic
“next-generation field guides” (Farnsworth et al. 2013). We encourage the herpetology community to continue to
submit images to one of the repositories used here (preferably with minimal copyright restrictions and to those plat-
forms with direct data access routes such as iNaturalist), to capture the full phenotypic diversity.

Image annotation and metadata
For a more detailed analysis of images, photographers must provide metadata, e.g., location, time and date,
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descriptions such as age class and size. Metadata allows users to extract and infer numerous biological insights. For
example, Maritz & Maritz (2020) used Facebook images to catalog the diets of snakes illuminating the ecological
roles of these reptiles. More data may be extracted from images, such as size estimates (Mahendiran ef al. 2018), if
photographers upload images with exif (exchangeable image file format) data still attached (e.g., focal length, white
balance, lens). Drury et al. (2019) present two case studies with damselflies, where virtually-taken measurements
combined with location data allowed description of continent-wide phenotypic variation and insight into evolution-
ary questions.

Reptile Database (5144)

Calphotos (3071)

N N /

FIGURE 4. Overlap of species content in the 6 repositories used. For instance, 749 species (top right) have only photos in the
Reptile Database while 635 species (bottom right) have photos both in the Reptile Database and iNaturalist, but not in any other
repository. 295 species (middle right) have photos in the Reptile Database, iNaturalist, and Flickr, and so on. Numbers >99 are
printed in larger font to emphasize their disproportional contribution.

Confidence in species identifications

A common problem with nature photographs is that species identities cannot always be ascertained from a single
image, especially when similar species occur in the same locality (or if species are photographed in captivity). For
instance, Ziegler et al. (2020) recently reported on a Tupinambis in the Cologne Zoo that was first thought to be T.
teguixin. The animal also had some diagnostic characters of 7. cryptus. DNA sequencing was required to finally confirm
the specimen as the new species 7. cryptus, which had been recently split from 7. teguixin by Murphy et al. (2016).

Species identification can be difficult both for lay and expert contributors to community science projects (Aus-
ten et al. 2016). Verifying species identities are further complicated when images are of low resolution or only show
parts of an animal (i.e., missing key characters; Austen et al. 2018; Gibbon et al. 2015). Our analysis involved tens
of thousands of photos, hence there was no way for us to verify the reliability of species identifications in the 6
repositories used, forcing us to rely on IDs provided alongside images.
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Identification issues will be particularly pronounced on platforms like Flickr, where there exists no formal
system for correcting or crowd-sourcing species identities (as implemented by iNaturalist). While we suspect the
species numbers provided by Flickr searches are likely inflated due to misidentifications, the overlap between Flickr
and other sources (only 270/4386 species unique to Flickr) suggests that its overall impact on species coverage was
limited. Any analysis built upon community data must address species identification issues (e.g., species distribu-
tion models’ sensitivity to false positive records [Fernandes et al. 2018]) and treat community data on a case-by-case
basis (Kosmala et al. 2016).

iNaturalist has also been working on image analysis for species identification, but this feature is still under
development, although with certain taxonomic groups and image classes the success rate seems to be surprisingly
high. While there is still substantial room for improvement, this technology is advancing rapidly.

# of species
with images

6000

4966 (73%
4000 A
2747 (72%
2000 A
342 (95%
0 86 (43% 25 (96%) 1 (100%)
Sauria Serpentes Testudines Amphisbaenia Crocodylia  Rhynchocephalia

Clade

FIGURE 5. Number of species, per clade, with images from any of the data sources.

Changing taxonomy

As the aforementioned Tupinambis example indicates, another problem with species identifications is the ever-
changing taxonomy. Species get split, synonymized, elevated from subspecies to species or simply change names.
We have attempted to standardize names to the August 2020 version of the Reptile Database, but many names will
continue to update. Constant changes can frustrate identification efforts and comparison of data sets. Originally cor-
rect identifications can become incorrect when species are split into new binomials. Rigorous tracking of locations
(geo-tagging) and detailed photographs that allow users to reassess key characters can help mitigate the identifica-
tion issues caused by species splits.

Automated image analysis and species recognition

Automated image classification has shown promise for streamlining species identification (Botella et al. 2018;
Waildchen ef al. 2018), with iNaturalist’s Seek App presenting a prominent example of image recognition imple-
mentation (https://www.inaturalist.org/pages/seek_app). One long-term goal of this study is to aid the creation of
a dataset that could enable image analysis and automated species identification (Joly et al. 2020). While this will
be possible for certain small groups, especially colourful snakes, it may be more difficult for large, homogenous
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Family

Gavialidae
’—‘:: Crocodylidae

Alligatoridae

Loxocemidae
Pythonidae
Xenopeltidae
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Anomochilidae
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—* Aniliidae
Lamprophiidae
Elapidae
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Viperidae
Pareidae
Xenodermidae
Acrochordidae

Typhlopidae
E Gerrhopilidae
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—— o Anomalepididae
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_IE Varanidae
Shinisauridae
Anguidae
E Helodermatidae
Xenosauridae
Chamaeleonidae
1 EAgamidae
Iguanidae

Cadeidae
Blanidae
Trogonophidae
Amphisbaenidae
Bipedidae
Rhineuridae
Lacertidae
Teiidae
Gymnophthalmidae
Gerrhosauridae
Cordylidae
Xantusiidae
Scincidae
—— Gekkonidae
= Phyllodactylidae
—=e Sphaerodactylidae
—— e Eublepharidae
Carphodactylidae
Pygopodidae
Diplodactylidae
‘———————— e Dibamidae
# Sphenodontidae

Dermatemydidae
Kinosternidae
Chelydridae
Dermochelyidae
Cheloniidae
_|:: Testudinidae
Geoemydidae
o Emydidae
——e Platysternidae
Carettochelyidae
Trionychidae
Podocnemididae
Pelomedusidae
Chelidae

#spp. Crocodylia
1 -m100%
17 94.1%
8 —— 100%
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1 -100% Lepidosauria
41 -W90.2%
2 4100%
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65 -Ml95.4%
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1 —4100%
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28  189.3%
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groups such as blind snakes or many skinks that are frequently small, brown, and with esoteric field marks (Zhu et
al. 2013). Metadata (e.g., location) in cases of look-alike species may be particularly important (Joly et al. 2020).
Equally important, the training of such systems requires hundreds, if not thousands, of photos per species. Only the
more easily identified species currently have photos in such numbers. Nevertheless, our data can serve as a founda-
tion for future studies, and we hope that others will help us to expand this resource.

Use of images and copyright

Science is enriched by open and accessible datasets enabling reanalyses and replications, while setting founda-
tions for larger studies (Poisot et al. 2013). However, images are by default protected by copyright. Some authors
have argued that scientific (standardized) photographs are not creative products, thus do not qualify for copyright
protection (Egloff et al. 2017). While the legal situation remains unresolved in many situations, photographers
and scientists can help to mitigate this problem by defining a creative commons license (https://creativecommons.
org/about/cclicenses/) when submitting images to a repository. For instance, iNaturalist and Flickr contributors can
choose from a selection of creative commons copyright licenses to waive the “all rights reserved” default and ensure
the availability of images. We strongly encourage everybody to use such open creative commons licenses in the
interest of science.

Conclusion and outlook

We show that more than 70% of all reptile species are illustrated by photos in just 6 public image repositories.
However, that leaves more than 3000 species without photos or with photos only available in less accessible sites.
Many species are represented by only a few photos, indicating considerable progress required to complete this da-
taset. The Reptile Database has successfully worked with both iNaturalist and CalPhotos to link current names and
photos; hopefully other repositories will join these efforts in order to make images systematically and transparently
available to the scientific community and wider public.

Our inventory of photos highlights only one aspect of large biodiversity datasets. There are many other data
types that need to be integrated into future biodiversity data projects (Miralles et al. 2020). Evidently, much more
needs to be done to achieve a global biodiversity data infrastructure.
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FIGURE 7. The distributions of species and images. (A) The number of species with zero images, with three hotspots for
missing species highlighted. (B) The percentage of species with photos, with three cold spots highlighted. A and B are limited
to the 10,064 species included in the GARD dataset (Roll ef al. 2017). Spatial resolution is 0.1667 degrees. (C) The number of
species with photos, on a per country basis, with hotspot highlighted (Mexico, South Africa, Australia). Note the colour scheme
is square-rooted to aid differentiation of lower values. (D) The percentage of a country’s species with images, with cold spots
highlighted (from left to right: Haiti, Somalia, and Papua New Guinea).
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SUPPLEMENTARY INFORMATION

Supplementary Table 1. List of all species and the number of photos in each of the 6 repositories.

Supplementary Table 2. List of species without photos in any of the 6 repositories.

Supplementary Table 3. Per country summary data of number of species present and number with images.

Supplementary information (available at Zenodo: https://doi.org/10.5281/zenodo.4010155):

SuppCodel Flickr search.R: Code used to retrieve Flickr image data

SuppCode2 Wikimedia query.R: Code used to retrieve Wikimedia image data,

SuppCode3 HerpMapper_search.R: Code used to retrieve HerpMapper image data

SuppCode4 Figure Generation.R: Code used to generate figures 2, 3 and 5-7, also.

We have included additional data in the Zenodo repository required to reproduce figures: reptile_checklist 2020_04.csv, reptile
names 2019 syno.csv, GARD non-repDB_fixed.csv, reptiles_family crocodylia.nwk, reptiles_family lepidosauria.nwk, rep-
tiles_family_testudines.nwk.

GARD species distribution data are available on Dryad: https://doi.org/10.5061/dryad.83s7k.

Note added in proof: While this paper was in proof, a new version of the Reptile Database has been released with photos of 5,567
species. We have added another Supplementary Table S4 that lists all 11,437 species of the December 2020 release of the Reptile
Database, including the 5,567 species with photos and those 5,870 species without.
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