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1 | INTRODUCTION

An unprecedented crisis triggered by humans is affecting biodiver-
sity globally (Barnosky et al., 2011). Despite some local conservation
successes and increasing protected area coverage, biodiversity con-
tinues to decline (Johnson et al., 2017). This is primarily the result
of human pressures on biodiversity continuing to increase (Betts
etal.,2017; IPBES, 2019; Mantyka-Pringle et al., 2012; Urban, 2015).
According to the International Union for the Conservation of
Nature (IUCN), habitat loss and unsustainable exploitation are the
major human pressures affecting biodiversity worldwide (Maxwell
et al.,, 2016). Regions under high-intensity threat from unsustainable
exploitation are especially concentrated in North and South America
and Asia (Di Minin, et al., 2019). Unsustainable wildlife trade, a di-
mension of unsustainable exploitation, affects at least 24% of all ter-
restrial vertebrate species on Earth (Scheffers et al., 2019).

The internet has made wildlife trade more accessible as species
can be traded on different platforms, such as online marketplaces,
forums and social media sites (Altherr & Lameter, 2020; Di Minin,
Fink, et al., 2019; Fink et al., 2021; Lavorgna, 2014). Because of
the extremely large volume of content on internet websites, digi-
tal platforms and trade advertisements, online trade can be difficult
to monitor and assess (Demeau, Vargas, & Jeffrey, 2019). Advanced
methods for data filtering and analysis are therefore needed to ef-
fectively monitor online wildlife trade. Computer vision models and
natural language processing are being used increasingly to auto-
matically identify image and/or text content pertaining to wildlife
trade from online platforms (Cardoso et al., 2023; Di Minin, Brooks,
et al., 2019; Kulkarni & Di Minin, 2021, 2023). However, research on
these topics should follow the highest data privacy and protection
standards as it involves using personal data to investigate potentially
illegal activities (Di Minin et al., 2021). Still, automated mining and
analysis of online data can provide new insights to help investigate
the geography and intensity of wildlife trade at multiple scales.

Reptiles are among the most traded vertebrate species (Schef-
fers et al., 2019). International reptile trade of wild specimens can
be legal when performed following regulations by the Convention
on International Trade in Endangered Species of Wild Fauna and
Flora (CITES) or illegal if done in violation of these regulations. At
the national level, regulations of trade are country and species-
specific. Thus, while international trade might be banned for cer-
tain species, it might still be legal within the national borders of
certain countries (Auliya et al., 2016). Up to 35% of all reptile spe-
cies are traded online, with only 9% of these species included in
CITES (Marshall et al., 2020). Worryingly, approximately 90% of
traded reptile species and half of traded individuals are sourced
from the wild (Marshall et al., 2020). Distinct appearance and rarity
in the wild or in the pet market are some of the attributes desired

by reptile owners, thus threatened and/or range-restricted species
are especially popular (Altherr & Lameter, 2020; Auliya et al., 2016;
Courchamp et al., 2006). More detailed assessments are needed to
assess the online trade in endemic, range-restricted, reptile species
threatened by the illegal wildlife trade.

In this study, we investigated the online trade of 96 reptile spe-
cies originating from the Lesser Antilles (Table S1; Figure S1) that
are restricted to small islands or island banks (Hedges, 2006; Wilson
et al., 2011). Small population sizes and endemic status make these
species popular as exotic pets. Moreover, the difficulty in captive
breeding some of these species increases the risk of exploitation of
wild populations (e.g. Langner et al., 2022; Shepherd et al., 2019).
Here, we developed methods for automated monitoring (i.e. col-
lection, filtering and processing) of wildlife trade content for the
targeted species from publicly accessible online platforms. Specifi-
cally, we investigated (i) which species were involved in the trade; (ii)
which countries played an important role in the trade; and (iii) what
were the prices demanded for these species.

2 | METHODS
2.1 | Study area and species

We compiled a list of Lesser Antillean species of interest combining
species information from Fauna and Flora international (2021)
(N=113) and Caribherp (Hedges, 2020) (N=86). We excluded
any species with geographic ranges expanding beyond the Lesser
Antilles islands (N=19). We used the Reptile Database (Uetz
et al, 2020), the Global Assessment of Reptile Distributions
database (Roll et al., 2017) and the IUCN Red List of Threatened
Species (IUCN, 2023) to assess the ranges of the species. Our list
consisted of 93 species and 3 subspecies (Iguana iguana melanoderma,
Iguana iguana insularis and Iguana iguana sanctaluciae). These three
subspecies are endemic to the region and are considered as distinct
species in some taxonomies (e.g. Breuil et al., 2020, 2022). Among
these 96 species and subspecies, 69 are lizards and 27 are snakes,
and 40 are considered threatened with extinction by the IUCN (i.e.
assessed as either Vulnerable, Endangered or Critically Endangered)
(IUCN, 2023). Both regional (e.g. the Specially Protected Areas and
Wildlife Protocol) and national legislation in the Lesser Antilles
require protecting threatened species, for example, by regulating
or prohibiting the harvest of wild populations (Noseworthy, 2017,
UN Environment, 1990). In addition, nine species or subspecies are
listed in CITES appendices (Table S2). One species, the Union Island
Gecko (Gonatodes daudini), is listed in Appendix |, meaning that the
commercial international trade of wild specimens of this species
is prohibited (CITES, 2023). The rest of the species are listed in
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Appendix I meaning that international trade of the species can be
authorized, but requires appropriate export permits or certificates
(CITES, 2023).

2.2 | Data collection, processing and analysis

We identified a list of websites on which the species of interest were
being traded by using (i) Google Search (see e.g. Marshall et al., 2020)
and (i) a list of websites identified as part of a previous study
(Noseworthy, 2017; Figure 1). In the case of Google searches, we
used two query approaches; one using a search string composed by
the scientific name of each reptile species and ‘for sale’, and another
using the search string ‘reptiles for sale’ in 12 languages (English,
Dutch, Polish, French, Italian, Indonesian, German, Portuguese,
Spanish, Japanese, Hindi and Filipino). To choose the languages for
the search, we looked for evidence of search interest for the species
using data from Google Trends (2021). We sampled internet search
volume from Google Trends using topic searches and the species as
topics, which considers language variations in the ways species are
searched for in different contexts. Based on the data retrieved, we
identified countries with relevant search volume and the dominant
language of these locations from the list of languages spoken in
each country provided by CIA World Factbook (Central Intelligence
Agency, 2021). We then used this information to do online searches
using the Google Search Engine in the relevant languages, aiming to
replicate the behaviour of potential buyers. For each Google search,
we collected websites likely to show relevant trade activity from the
first 100 search results as these contained the most relevant search
results. The websites were manually vetted to assess if any Lesser
Antillean species were potentially being traded, thus making them
a target for further data collection. These websites included online
shops of pet stores, reptile forums, marketplaces and websites of
individual reptile breeders and hobbyists. Using this method, we
gathered a list of 90 websites of interest (Figure S2).
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We scraped data from the websites of interest using ScraPy
version 2.4.1 (Kouzis-Loukas, 2016), which is a Python extension
that can be used to extract data from websites (Figure S3). Specifi-
cally, we developed a web scraper that accesses and collects infor-
mation from the contents of a website and stores this information
in a SQL database (Diouf et al., 2019). The scraper uses Cascading
Style Sheets (CSS) selectors to indicate the location of relevant data
elements found on the website's HTML document. For each web-
site scraped, we created a configuration file which consisted of the
website's address and the CSS selectors. Each entry in the database
represented a reptile trade item or a forum post depending on the
type of website. We collected data between 25 January 2021 and
6 September 2021. Each website was scraped once. We retrieved a
total of 366,951 entries from 90 websites with the data fields shown
in Table 1.

After the data collection process, we processed the raw data for
further analysis. First, we extracted data entries mentioning Lesser
Antillean reptiles. For this purpose, we created a list of synonyms
of scientific names and common names, so any nicknames and vari-
ations of names used to refer to target species would be included.
The list was created using the list of reptile names from Marshall
et al. (2020) as a basis and adding species synonyms from the Reptile
database (Uetz et al., 2020), Wikidata and Wikipedia by manually
searching each species on each site. We then created a Python script
that searched the raw data for any mentions of the reptile names on
the synonyms list. Data entries with no mentions of Lesser Antillean
reptiles were dropped. To further process the data, another Python
script was used to determine the exact species mentioned on each
data entry and to create individual species entries if more than one
species of interest were mentioned on the original data entry.

The next data processing phase included extracting information
on the numbers of individual reptiles being traded using a custom-
made Python script. The script searched the ‘quantity’, ‘reptile’
and ‘description’ data elements for numerical values indicating the
quantity of individual reptiles. To extract quantity information from
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TABLE 1 Data elements collected from the websites.

Data element Explanation

Timestamp Information on when the sale item was posted

Reptile The name of the reptile or the title of the item
traded

Price Price of the item traded

Quantity Quantity of stock of the item traded

Description Longer description of the species or item traded

Comments Customer or other comments regarding the item
traded

Location Assumed location of the seller or buyer of the
item traded

Image URL to an image of the reptile or the item traded

Acquired Date the data were scraped from the internet

Source Web URL to the website where the sales item is
listed

Intent Is the item traded being sold or looked to be
bought

Other Other information

The type of the website (online shop/forum/
marketplace/other)

Website type

text-based data elements, we used the Natural Language Processing
Library SpaCy version 3.0.5 (Honnibal & Montani, 2017) for Python.
The script also extracted price information from a data entry by
checking if the ‘price’ and ‘currency’ element had any data stored. If
price data were found, the script converted the price to Euros using
forex-python library (Micro Pyramid Informatic Pvt. Ltd, 2016). The
date in the ‘timestamp’ data element of a data entry was used to cal-
culate the correct conversion rate between the currency in question
and the Euro. Lastly, the script searched the data fields for the intent
of the data entry, meaning whether the advertisement was posted
for selling or buying reptiles, or for other reasons.

The script also pseudonymized the advertisement poster's name
or nickname by converting it to a numerical ID, so the number of
advertisements per trader could be counted while ensuring the ano-
nymity of the original poster (Di Minin et al., 2021). We only scraped
data from websites that were publicly available and did not prohibit
web scraping. All data elements from which an individual user could
be identified were removed or replaced by an ID number. Location
data are presented only at a country level. We created an additional
script that used SpaCy to label words in ‘location’ data element. The
words identified as geopolitical entities were fed to Python's Geo-
coder version 1.38.1 library (Carriere, 2013) to find the matching
coordinates for that location from OpenStreetMaps (OpenStreet-
Map contributors, 2015). If the location was not detected using this
approach, the ‘description’ data element was searched for any geo-
graphic information. The accuracy of the location information varied
depending on the accuracy of the location in the advertisements.
Therefore, we considered such uncertainty over precise location, by
upscaling to country-level information. This was also done to address
data privacy issues, as more accurate location data could enable the
identification of the advertisers. Finally, to avoid duplicate entries

if the same advertisement was posted multiple times or on several
websites, we compared the species names, quantity, price, currency,
intent and location information. If all the information matched be-
tween two entries and the trader ID was the same, the entries were
considered as duplicates and only one was kept for analysis. No
names, nicknames, usernames, content of the trade advertisements
or specific locations were kept after data processing. Advertisement
content (e.g. title of the advertisement and the description of the
species) was removed and only species, quantity, price, currency, in-
tent, trader ID and location on a country level were kept.

An accuracy assessment of the scripts was conducted to esti-
mate the performance of the scripts in extracting relevant infor-
mation. The assessment was done in two stages by estimating the
accuracy of extracting (i) a post that contained a target species from
raw data and (ii) an entity of interest such as quantity, location and
price from a relevant advertisement. Specifically, we selected a test
data set of 380 data entries from the raw data and used it to mea-
sure how well the data processing algorithm extracted data entries
of interest (advertisements mentioning Lesser Antillean Reptiles)
from the raw data. We selected 300 of those entries of which three
were of interest and 297 not of interest based on manual review. The
remaining 80 data entries were manually reviewed and determined
to be of interest before adding them to the test data. We included
these entries because of the small portion of data entries of interest
in the raw data. To sum up, the test data consisted of 83 data entries
of interest and 297 data entries not of interest.

We then let the data processing algorithm classify the data
entries in the test data into two categories: of interest and not of
interest. The algorithm classified 366 of the 380 data entries cor-
rectly meaning that the overall accuracy of the algorithm was 96.3%
(Table S3). The algorithm classified the data entries of interest with
accuracy of 83.1% and irrelevant data entries with an accuracy of
100%. Accuracy scores for each assessment are reported in Table S4.

We also assessed the algorithm's accuracy in extracting data el-
ements from the data entries of interest. The data elements were
species, quantity, price, currency, location and intent. The test data
consisted of 100 randomly selected data entries of interest. We
manually reviewed the test data and then compared the perfor-
mance of the algorithm to the reviewed data. We then calculated
the accuracy for each data element. If an element was not found in
either reference data or classified data, we did not take it into con-
sideration when assessing accuracy.

We used the number of advertisements instead of the actual num-
ber of reptiles to quantify trade instances because information on the
quantity of individuals being traded was not consistently available.
We then explored the relationship between the intent of the adver-
tiser, the species conservation status, the CITES Appendix status and
the number of trade advertisements. Data entries with location infor-
mation were used to map the number of advertisements per country
using QGIS version 3.10.2 (QGIS Development Team, 2019). We also
plotted the number of advertisements selling CITES listed Lesser An-
tillean species. Price information was used to calculate mean, median,

standard deviation and range of reptile selling prices.
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3 | RESULTS

We found 599 advertisements of 43 Lesser Antillean reptile
species originating from 231 distinct advertisers and 41 websites.
The advertisements were posted online between 21 April 2003
and 6 September 2021. We identified 428 sales advertisements,
106 buying advertisements and 65 that were categorized as
other advertisements (i.e. listings of pets that were not on sale) or
advertisements for which the intent was not clear (Table 2).

The species most commonly listed for sale were the Least Con-
cern Martinique Anole (Anolis roquet, N=70), the Least Concern
Guadeloupe Anole (Anolis marmoratus, N =35), the Near Threatened
Saint Vincent Treeboa (Corallus cookii, N=33), the Least Concern
Leeward Banded Geckolet (Sphaerodactylus sputator, N=32), the
Near Threatened Dominica Anole (Anolis oculatus, N=29) and the
Near Threatened Saba Anole (Anolis sabanus, N=29) (Figure 2). We
also found instances of online trade in threatened species, including
five Critically Endangered, three Endangered and two Vulnerable
species. We also found instances of online trade for nine species
listed in the CITES appendices. Among these species, the Appen-
dix Il listed Saint Vincent Treeboa was the species with most trade
records, followed by the Appendix Il listed Critically Endangered
Lesser Antillean Iguana (Iguana delicatissima, N=15), the Appendix
| listed Union Island Gecko (Gonatodes daudini, N=6) and the Ap-
pendix Il listed Saba lguana (Iguana melanoderma, N=5). It should
be noted that three of the six advertisements selling the Union Is-
land Gecko were dated before the species was listed in Appendix I,
meaning that, at the time, international trade of the species was not
regulated.

Germany was the country with the highest number of advertise-
ments of Lesser Antillean reptiles (N=124), followed by the United
States (N=55), the Netherlands (N=15) and United Kingdom (N=15)
(Figure 3a). Other countries involved in trade were Czech Repub-
lic (N=9), Japan (N=9), Canada (N=6), Poland (N=5), Spain (N=2),
Austria (N=1), Belgium (N=1) and Greece (N=1). Germany and the
United States were also the countries with the highest number of
species on sale or requested to buy in the identified advertisements
(Figure 3b). Based on advertisements with location information,
CITES listed species were found for sale in United States (N=13),

TABLE 2 Conservation status and number of advertisements per
intent of the advertiser.

Conservation status Seller Buyer Other Total
Least Concern (LC) 255 76 42 373
Near Threatened (NT) 103 24 12 139
Critically Endangered (CR) 30 3 6 39
Data Deficient (DD) 21 1 5 27
Not Evaluated (NE) 11 11
Endangered (EN) 4 2 6
Vulnerable (VU) 4 4
Total 428 106 65 599

vy v Disiuions ENVITREMES

Germany (N=6), United Kingdom (N=6), Japan (N=3), Czech Re-
public (N=2), the Netherlands (N=1) and Austria (N=1). Germany
was confirmed to be the country with the highest number of sales
across all species (Figure 2). However, trade in Critically Endangered
species appeared to be especially important in the United Sates.
Based on data from 42 selling advertisements that had price and
currency data, the sale price of the Lesser Antillean reptile species
ranged from 1 to 1381.2Euros. The advertisements were posted
online over approximately é6years, and the total sum of the asking
prices was 9735.3 Euros. The median listing price in a selling adver-
tisement was approximately 92 Euros and the interquartile range
140.2 Euros. Iguana species were the most expensive and listed for
sale for over 1000Euros, followed by Thecadactylus species that

were listed for sale between 200 and 800 Euros.

4 | DISCUSSION

Our results show that almost half of the endemic Lesser Antillean
reptile species are found on sale or on buying advertisements online.
The fact that trade involves species at high risk of extinction or that is
affected by the trade is noteworthy. Similar results have been found
for other taxonomic groups and regions (e.g. Fink et al., 2021). Under
CITES Appendix |, species bred in captivity can be traded according
to the appropriate resolutions. Still, considering the varying
difficulty in breeding reptile species in captivity, it is likely that some
of these species are being sourced from the wild, calling for action
to understand whether trade is threatening populations in the wild.
For example, establishing legal captive breeding facilities might be
done illegally by harvesting wild individuals to be used for breeding
(see e.g. Wyatt et al., 2018). As information on the origin of the
individuals for sale was not readily available in many advertisements,
future studies should investigate more in depth whether individuals
were sourced from the wild or not, and the legality of the trade and
compliance with CITES regulation. Evidence, for example, suggests
that wild-caught Critically Endangered turtles are found for sale
online at higher market price (Sung & Fong, 2018). In the case of
individuals sourced from the wild, the impacts of pet trade may act
synergistically to other threats (e.g. habitat loss) already affecting
the persistence of these species in the wild. The most traded
Iguana species, the Lesser Antillean Iguana (Iguana delicatissima), for
example, is already threatened by habitat loss and fragmentation as
well as hybridization with the Green Iguana (Iguana iguana) (Pounder
et al., 2020). The fact that Near Threatened and Data Deficient
species are also involved in the trade calls for further assessments of
the impact of trade on the conservation of these species.

Our results suggest that Europe, especially Germany, and the
United States are the largest hubs of Lesser Antillean reptile on-
line trade. The only other country where Lesser Antilles reptiles
were found to be traded online outside North America and Eu-
rope is Japan. These results are in line with previous studies on
reptile pet trade, including of Lesser Antillean reptile species (e.g.
Altherr & Lameter, 2020; Bush et al., 2014; Noseworthy, 2017,
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FIGURE 2 Number of sales advertisements found per Lesser Antillean species. (a) All sales advertisements. (b) Sales advertisements
with location information categorized by the country of the location. The Convention on International Trade in Endangered Species of Wild
Fauna and Flora (CITES) appendix number is reported on top of the bar of the CITES-listed species. Iguana iguana insularis, Iguana iguana
melanoderma and Iguana iguana sanctaluciae are considered subspecies of Iguana iguana.

Robinson et al., 2015). The central role of Germany in the trade
of these species was also noted in previous studies (e.g. Altherr
& Lameter, 2020; Auliya et al., 2016; Jensen et al., 2019). Small
lizard species, such as Anolis and Sphaerodactylus species, are par-
ticularly popular in Germany. One potential justification for this
is the fact that these species are easier to breed in captivity, and
it is possible that there is already an advanced infrastructure for
breeding these reptiles in the country (Langner et al., 2022). Under
this scenario, it is plausible that most individuals of these species
featuring in trade originate from captive breeding populations.
From reading the descriptions of sales advertisements, a recurring
location for trading Lesser Antillean reptile species, both in Ger-
man and English, was the Terraristika reptile exhibition in Hamm,
Germany (see Altherr & Lameter, 2020). Other exhibitions were
also mentioned, for example, in the United States and the United
Kingdom. Looking into the role of these exhibitions in enhancing
the popularity of reptile species in the wildlife trade would be an
important future topic of study. While the Lacey Act prohibits the
import of species that are protected in the exporting country and
might hinder the trade of reptile species in the United States, the
United States stands out in trade of CITES listed species as well as
threatened species. For example, most of the instances of trade of

Iguana species we detected originate from the United States. The
United States are already known for being an important market for
wild-collected Indonesian pet reptiles (Lyons & Natusch, 2011).

Research conducted in English is likely to exclude non-English-
speaking regions from the assessment. In this study, we aimed to in-
clude non-English-speaking regions by searching for reptile trading
websites in 12 different languages and including the names of the spe-
cies in as many languages as possible. We acknowledge that the terms
used in some languages might not have been the most used to adver-
tise the species or instances of trade. Nevertheless, the abundance of
German websites and inclusion of, for example, Japanese, Dutch and
Czech websites indicate that to some extent, we were able to identify
content from non-English-speaking countries. To avoid some limita-
tions associated with language in efforts to monitor wildlife trade, fu-
ture studies may consider taking advantage of recent developments in
alternative approaches such as image analysis using machine learning
methods (e.g. Cardoso et al., 2023; Kulkarni & Di Minin, 2023).

The total monetary value of the online trade of Lesser Antil-
lean reptiles could not be fully estimated, as most advertisements
did not report price information. Common species such as Ano-
lis lizards are relatively cheap to buy and only a few rare Iguana
species trade for more than a thousand Euros per individual. This
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{ ] 3 United States (US)
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[ ]1  United Kingdom (UK)
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FIGURE 3 Number of Lesser Antillean reptile advertisements per country. a, all advertisements including selling, buying and other

advertisements; b, sales advertisements; c, buying advertisements.
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is expected as rarity drives the price up and could also be linked
to the fact that these individuals may be taken from the wild as
found in other studies (see e.g. Sung & Fong, 2018). Furthermore,
it is also possible that the trade of rare species for which trade is
forbidden or highly regulated may happen elsewhere and involve
different prices. For example, Fink et al. (2021) observed that In-
donesian bird species traded for significantly higher prices online
when compared to physical markets.

The methods used in this study can be adapted to assess the
trade of any list of species. However, the need for automation to
assess the vast amount of data online limits the accuracy of the
data. More manual surveying or more sophisticated methods, such
as trained natural language processing algorithms using named en-
tity recognition (e.g. Kulkarni & Di Minin, 2021), are needed for
the data processing to yield more accurate results. Either way,
more manual effort would be needed because a large amount of
reviewed data are required to train machine learning algorithms.
Especially, recognition of different elements from text would be
required to assess the quantities and prices of the species studied,
as most of the trade of these species is happening in online forums
between pet owners. It is easier to classify data collected from, for
example, websites where each data element has a distinct loca-
tion on the website. One element of interest is of course whether
individuals for sale are caught from the wild or bred in captivity.
However, the origin of the reptiles was rarely stated in online ad-
vertisements and, therefore, it was difficult to assess with an au-
tomated script. Manual verification of this information may still be
important for this purpose (see, e.g. Marshall et al., 2020). Never-
theless, even if the origin is stated in a sales advertisement, it may
not correspond to the real one. Expanding our data pipeline to
other digital platforms would also be important. Accessing social
media data, for example, would be crucial for assessing the full
scope of online reptile trade as commerce is also common on these
sites (Demeau et al., 2019; Sung et al., 2021).

In conclusion, the proposed methods were used to investigate
the magnitude and geographic distribution of online trade of 96 en-
demic and range-restricted reptile species from the Lesser Antilles.
The same methods can be adapted to investigate the global extent
of online trade in other taxonomic groups. Being able to study the
geography of the online trade allows identification of countries
where targeted monitoring efforts can help reveal the nature of the
wildlife trade (legal and or illegal) and the source of individuals in the
trade (wild caught and/or captive bred), especially in countries such
as Germany and United States that appear to play a bigger role in the

online trade of these species.
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